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Abstract
Thin ﬁlms of SnS have been deposited onto heated glass substrates using the thermal
evaporation method and the chemical and physical properties of the layers determined and
correlated to the deposition conditions and to post-deposition heat treatments. In particular
scanning electron microscopy, energy dispersive X-ray analysis, X-ray diﬀractrometry
and Raman studies were used to determine the material properties, transmittance and
reﬂectance spectroscopy to determine the optical constants and 4-probe and van der Pauw
measurements to determine the electrical properties. The results indicate that for a wide
range of deposition conditions it is possible to produce high quality layers of SnS that
are free from pin-holes and cracks, that are made of densely packed grains, and that
adhere strongly to the substrate. For substrate temperatures between 280 ◦C to 360 ◦C
it is possible to produce single phase SnS layers. The energy bandgap of these layers
was in the range 1.3 eV to 1.35 eV, was direct, and had an optical absorption coeﬃcient
α > 105cm−1 for photons with energies greater than the energy bandgap. The electrical
properties indicate that all the layers are p-conductivity type with resistivities in the range
40Ω cm to 100Ω cm. Solar cell devices were fabricated in the superstrate and substrate
conﬁgurations using n-type cadmium sulphide (CdS) and zinc indium diselenide (ZIS)
buﬀer layers to partner the p-type SnS. The devices were investigated by measuring the
I-V characteristics in the dark, to determine the predominant conduction mechanisms, the
I-V characteristics under illumination to determine the open-circuit voltage Voc, the short
circuit current density Jsc, the ﬁll factor FF and solar conversion eﬃciency of the devices,
C-V studies to determine the doping proﬁle in the SnS and the built-in voltage at the
junction and spectral response measurements to determine the minority carrier diﬀusion
length in the p-SnS. Devices made with CdS as the n-type partner had a high density of
interface states (1.36 x 1011FC−1cm−2) with low photovoltaic parameters and a negative
i
band oﬀset of −0.36 eV obtained (as measured using x-ray photoelectron spectroscopy).
The best devices made were substrate conﬁguration solar cells in which the back contact
on glass was molybdenum and the buﬀer layer was ZIS. These devices have Voc = 472 mV,
Jsc = 16.1 mA/cm2, FF = 0.38 and a solar conversion eﬃciency of 2.9%. This is a world
record eﬃciency for SnS-based solar cells at the time of submission of this PhD thesis.
ii
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Chapter 1
Introduction
The photovoltaic eﬀect is the direct conversion of sunlight into electricity using either an
electrochemical junction or a p-n (or p–i-n) junction made using semiconductor materials.
The photovoltaic eﬀect was ﬁrst discovered by Becquerel in 1839 when he found that if he
illuminated platinum electrodes immersed in a solution of dilute sulphuric acid a voltage
was produced [1]. The ﬁrst solid state solar cell was later made by Adams and Day in
1877, a diode device based on the use of the chemical element, selenium [2]. It was not
however until 1954 that a practical solar cell was produced at Bell Telephone Laboratories
by Chapin et al. [3]. They made a p-n junction device by diﬀusing boron impurities into
a n-conductivity type silicon wafer cut from a Czochralski grown boule and found they
could produce devices with an eﬃciency of 6%. The ﬁrst applications of the solar cells
were to provide power in remote locations for communications systems and later weather
monitoring systems. Also in the 1950’s and 1960’s, it was realised that solar cells had
excellent potential for use to power satellites and space vehicles [4–6]. The stagﬂation
caused by the 1970 energy crisis triggered serious consideration of using solar cells for
terrestrial applications. Since then, the technology as noted has continued to permeate to
a diﬀerent range of applications such as supplying power for consumer products such as
electronic calculators, clocks and toys and for providing power in remote locations both, in
the developed and developing world [6, 7]. In the past decade photovoltaics has become a
major contender for producing power on a large scale, either in centralised power stations
or integrated into buildings (BIPV, “building integrated photovoltaics”) [6–9]. It should
be noted that in the late 1954 Reynolds et al. produced a cuprous sulphide/cadmium
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sulphide heterojunction solar cell, also with an eﬃciency of 6% [10]. This work stimulated
interest in developing thin ﬁlm solar cell devices as it was realised that solar cells could be
produced much more cheaply using the thin ﬁlm approach rather than making bulk silicon
devices [10].
1.1 Silicon Solar Cells
Silicon is a group IV element. It is an indirect bandgap material with an energy bandgap
of about 1.1 eV. Solar cell technology is still largely dominated by cells based on the use
of monocrystalline and multicrystalline silicon, the former material produced using the
Czochralski method and the latter material produced using a block casting method. These
account for 38% and 46% of modules sold respectively [11]. However both monocrystalline
and multicrystalline silicon have an indirect energy bandgap resulting in low optical
absorption coeﬃcient α ≈ 100 cm−1, such that a large thickness of silicon (typically 100–
200 µm) is needed to absorb most of the incident solar radiation [6, 12, 13]. Owing to the
long absorption length, a long minority carrier diﬀusion length is always required so that
carriers generated deep within the silicon can diﬀuse to the junction, without encountering
too much in the way of recombination losses. This entails that the silicon should be of high
material purity and for the densities of crystal defects to be minimal. Achieving both these
objectives adds processing steps and hence cost. Silicon solar cells are hence expensive
because of high material and processing costs. Monocrystalline silicon (c-Si) solar cells
are mostly fabricated with an initial step of growing the silicon wafers by the Czochralski
method and subsequent conversion of the wafers to p–type or n–type using appropriate
doping materials. A p–n junction is then formed by diﬀusing-in impurities of the opposite
doping type. Electrical contacts are then applied by either screen printing or sputtering to
complete the device. A number of designs are commonly used and these include “buried
contact solar cells”, often referred to as “UNSW” solar cells [14], “passivated emitter
rear locally diﬀused” (PERL) solar cells [15] and passivated rear emitter ﬂoating junction
(PERF) solar cells [16]. Eﬃciencies > 24% have been achieved for monocrystalline solar
cells [17, 18]. For making multicrystalline silicon (mc-Si) solar cells, silicon is melted
and then poured into cubic moulds. This results in ingots consisting of large randomly
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oriented grains, a few mm in diameter. Although cells made using mc-silicon are not as
eﬃcient as those made using c-Si, the fabrication method leads to a substantial reduction
in capital costs and other variables, compared to cells made from monocrystalline silicon.
Both monocrystalline and multicrystalline silicon solar cells are single-junction devices
with eﬃciencies limited by thermodynamic considerations. According to Shockley and
Quiesser, the maximum theoretical solar conversion eﬃciency is approximately 31% [19].
Single crystalline and multicrystalline solar cells constitute what are now referred to as
ﬁrst generation solar cells. The production costs associated with cutting the crystalline
and multicrystalline silicon ingot into wafers can be lowered by employing the “ribbon
fed growth methods” [20], but the resulting device and module eﬃciencies are much lower
than those achieved using conventional c-Si and mc-Si solar cells. Recently Sanyo have
demonstrated high eﬃciency by using a radially new design, the HIT (Heterojunction
with Intrinsic Thin layer) cell [21]. This device hybridizes conventional Si-technology with
amorphous silicon technologies.
1.2 III-V Solar Cells
The most exploited III-V materials used to make solar cells are gallium arsenide (GaAs), in-
dium phosphide (InP) and gallium antimonide (GaSb). GaAs/CuInSe2 and InGaP/GaAs/Ge
have also been used to make multijunction devices. The latter devices consist of diﬀerent
energy bandgap cells stacked one on top of the other with the wider energy bandgap cell
facing the sunlight. This arrangement more eﬀectively absorbs the solar radiation than a
single junction cell, minimising thermalisation losses, such that the devices can exceed the
Shockley-Queisser limit. In fact the most eﬃcient solar cell produced to date is a III-V
multijunction device with an eﬃciency > 44% [22]. The III-V cells are used as space cells
due to their high conversion eﬃciencies, high power/weight ratio and improved radiation
resistance [12]. However, the constituent elements gallium and indium are known to be
rare and expensive and these materials are diﬃcult to produce, keeping device costs very
high.
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1.3 Thin Film Solar Cells
In order to reduce production costs thin ﬁlm solar cells have been developed. Such
devices are fabricated by the deposition of thin ﬁlms of materials unto cheap substrates
or superstrates. Generally, thin ﬁlm solar cells use direct energy bandgap materials such
as hydrogenated amorphous silicon (αSi:H), cadmium telluride (CdTe) or copper indium
gallium diselenide (CIGS). These materials have energy bandgaps near the optimum for
solar energy conversion and very high optical absorption coeﬃcients such that only few
microns of material are needed to absorb most of the incident light, minimising material
and production costs. Also because the light is absorbed within or near to the junction
region, a long minority carrier diﬀusion length is not required, relaxing the need for high
purity and crystallinity and hence reducing processing costs. Thin ﬁlm solar cells also lend
themselves to large scale, low cost production, resulting in shorter energy payback times
(1 year compared to 3-4 years for silicon [7]). The ﬁrst commercially produced thin ﬁlm
solar cells developed were based on the use of amorphous silicon. These are made using
the plasma enhanced chemical vapour deposition (PECVD) method using gases containing
silane (SiH4) [23]. Despite being able to produce single junction cells with initial eﬃciencies
> 10%, it has consistently been found that the eﬃciency degrades in illuminated cells, over
a period of months, to an eﬃciency < 5% due to the so-called “Stäbler-Wronski eﬀect” [24].
The stability and eﬃciency are improved by the development of double junction, triple
junction and micro-morph devices with the best eﬃciencies just over 10% [12, 23, 25].
CdTe has a direct energy bandgap of 1.5 eV and consequently a high optical absorption
coeﬃcient for photons with energies > 1.5 eV. The energy bandgap is near the optimum for
PV solar energy conversion. For making solar cells the CdTe is usually doped p-conductivity
type and partnered with n-conductivity type cadmium sulphide (CdS). A typical fabrication
step could be by the deposition of suitable transparent conducting oxide (TCO) on the
superstrate, followed by the CdS window layer, the CdTe absorber layer, and then ﬁnished
oﬀ with the back contacts. The typical thickness of the absorber layer is in the range
3–10 µm compared to the 100–200 µm used in silicon technologies. Although cells with
eﬃciencies > 18% have been achieved [22], some problems remain. The environmental
acceptability of using cadmium is still uncertain in some part of the world. For example, the
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risks associated to the use of cadmium can be evidenced from the Toyama Prefecture “Ouch
Ouch disease” in Japan which was widely believed to be caused by “cadmium poisoning”
resulting from cadmium waste water from mining sites [26, 27]. This also points to the
grave consequences of the disposal of CdTe-based modules on the environment. The low
abundance of tellurium in the earth crust has been established [28] and this could hinder
large scale deployment in the future.
CIGS solar cells were developed following modiﬁcations on solar cells from the chalcopyrite
compounds such as copper indium selenide (CIS). Typical CIGS solar cells are mostly
fabricated in the “substrate conﬁguration” with the cell components in the order; sodalime
glass, metallic back contact (molybdenum) deposited mostly by RF sputtering, CIGS
absorber layer mostly grown using co-evaporation of the constituent elements or by the
“three stage process”, CdS (n–type buﬀer layer) usually deposited by chemical bath
deposition, TCO (mostly aluminium doped zinc oxide) by RF sputtering and a metallic
Ni/Al contact grids [29]. Other buﬀer layers are also used. Despite the production of cells
with eﬃciencies > 20% being reported [30], the lack of abundance and high cost of gallium
and indium are expected to limit the large scale deployment of the CIGS-based devices.
To avoid this problem kesterite (CuZnSnS4) solar cells are being developed. In some
laboratories devices with eﬃciencies > 10% have been produced [31]. However kesterites
are known to be prone to the formation of secondary phases during ﬁlm growth and this
could substantially limit device performance.
1.3.1 SnS-Based Thin Film Solar Cells
SnS is a novel IV-VI compound. It is closely related to the more familiar IV-VI compounds
such as PbS, PbSe and PbTe which are commonly used as infrared detector materials due
to their narrow energy bandgaps and excellent stability. SnS has largely been ignored as a
PV material until the past decade due to limited research funds worldwide mainly being
directed toward developing CdTe and CIGS solar cell devices. SnS has attracted recent
signiﬁcant interest in the photovoltaic community because [32–35]:
(i) SnS has an energy bandgap of 1.35 eV very close to the optimum for photovoltaic
solar energy conversion.
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(ii) SnS has direct energy bandgap with a high optical absorption coeﬃcient α > 105cm−1
for photons with energies greater than the energy bandgap and this minimises the
thickness needed to absorb the incident light hence relaxing the need for long minority
carrier diﬀusion lengths.
(iii) SnS consists of highly abundant elements.
(iv) SnS, Sn and S are environmentally acceptable.
(v) SnS can be doped both n-type and p-type, giving ﬂexibility to device design and the
possibility of grain boundary passivation by counter-doping the grain boundaries.
(vi) Wide energy bandgap, n-type SnO2 can be formed by oxidising SnS to passivate the
grain boundaries and surfaces of SnS.
(vii) Large scale production methods already exist for depositing Sn and in sulphidisation
of metals.
(viii) SnS can be fabricated using diﬀerent low-cost deposition technologies.
1.3.2 Aims of the Work Presented
(i) To deposit thin ﬁlms of SnS onto glass substrates using the thermal evaporation
method,
(ii) To determine the composition, structure, optical and electrical properties of the
layers and to correlate the data to the growth variables,
(iii) To investigate how post-deposition annealing of the layers in various environments
aﬀects the chemical and physical properties of the layers, in particular how annealing
increases the grain size, densiﬁes the layers and alters the stoichiometry of the SnS,
(iv) To fabricate solar cell devices using CdS buﬀer layers to complete the device and to
determine how the cell performance varies with the deposition variables,
(v) To identify a suitable cadmium–free replacement for the CdS, to characterise such
devices and to optimise them to improve their PV performance.
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1.3.3 Structure of Thesis
(i) Chapter 2 presents the background theory relevant to understanding the principles of
operation of solar cell devices, in particular the dependence of solar cell performance
on the properties of the materials used,
(ii) Chapter 3 reviews the history of the development of SnS and SnS-based solar cells,
(iii) Chapter 4 outlines the experimental methods used to produce the layers used and to
characterise the layers and devices produced,
(iv) Chapter 5 presents the results, analysis and discusses the signiﬁcance of the results,
(v) Chapter 6 presents conclusions and recommendations for future work.
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Chapter 2
Background Theory
2.1 The Solar Spectrum and Atmospheric Effects
The sun is a sphere of an intensely hot gaseous matter with a diameter of 1.39 x 109m, a
mean earth-sun distance of 1.5 x 1011m and an eﬀective blackbody surface temperature of
5777K powered by a predominant hydrogen-helium fusion reaction [1]. The fusion energy
is then transferred outward by radiation and convection and lastly radiated into space in
the form of electromagnetic waves as a continuous spectrum of radiation that spans from
the ultraviolet to the infra-red region (0.2 µm to 3 µm). The intensity of solar radiation in
free space at the mean earth-sun distance (total energy in the spectrum) is termed the
“solar constant”. It has a value of 1367Wm−2 [2–4].
Solar radiation can undergo substantial modiﬁcation both in the extra-terrestrial and
terrestrial regions. These are illustrated in Figure 2.1 and Figure 2.2 respectively. Mod-
iﬁcations in the extra-terrestrial region are mostly due to the eccentricity of the earth
and the revolution of the earth around the sun. In the terrestrial regions the variation
in solar radiation is mostly due to attenuation eﬀects caused by atmospheric absorption
and scattering. The air mass (AM) i.e. the amount of atmosphere which solar radiation
must pass through to reach the surface of the earth depends on the position of the sun
while the air mass number is an indicator of the distance travelled by solar radiation in
the earth’s atmosphere. It decreases with an increase in altitude above sea level. To assess
the performance of a solar cell two standardised spectra are used, the AM0 and the AM1.5
spectra.
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Figure 2.1: AM0 and AM1.5 Spectra (reproduced from ASTM G173-03 Reference Spec-
tra [3]).
The AM0 spectrum is that incident just outside the earth’s atmosphere, and is used for
space applications. The AM1.5G spectrum is that incident after passing through an air
mass of 1.5 times the thickness of the earth’s atmosphere, and is utilised in terrestrial
applications.
The relationship between photon energy in electron-volts (eV) and the wavelength of the
incident light in micrometers is given as:
E(eV ) =
1.24
λ(µm)
(2.1)
Atmospheric absorption is commonly caused by ozone (O3), oxygen (O2), nitrogen (N2),
carbon (iv)oxide (CO2), carbon(ii)oxide (CO) and water vapour (H2O) while scattering is
mostly caused by aerosols, air molecules (Rayleigh scattering), dust and water droplets.
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Figure 2.2: Terrestrial, Extraterrestrial Regions and Atmospheric Eﬀects (adapted from [1]).
2.2 Light Absorption and Carrier Generation
A semiconductor is generally characterised by a bandgap energy Eg, the energy needed
to create an electron-hole (e-h) pair. The energy of each packet of light, the photon is
related to the light wavelength as earlier deﬁned in Equation (2.1). The degree of light
absorption is generally deﬁned by an absorption constant α(λ) which depends strongly
on the wavelength of the incident light. In terms of the photon energy, the absorption
coeﬃcient α(hν) can be deﬁned as the relative rate of decrease in light intensity L(hν)
along its path of propagation [5] such that:
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α =
1
L(hν)
d[L(hν)]
dx
(2.2)
Optical absorption can be intrinsic, when energy of each absorbed photon is consumed
by raising an electron from the valence band to the conduction band thereby creating
an electron-hole pair or extrinsic in which case absorption is via deep localised states.
Intrinsic absorption occurs in both direct and indirect bandgap materials. In direct bandgap
materials the conduction band (CB) minimum and valence band (VB) maximum occur at
the same value of crystal momentum, k
¯
and momentum is conserved when an electron is
promoted from the top of the VB to the bottom of the CB. For such material, α is related
to Eg as [5]:
α(hν) = B[hν − Eg]0.5 (2.3)
where B is an energy-independent constant that depends on the refractive index of the
material and hole and electron eﬀective masses respectively [6]. α is generally zero for
hν < Eg and > 104cm−1 for large hν. Direct bandgap materials are characterised by
a sharp change in α from zero for hν < Eg to values > 104cm−1 for hν > Eg [7]. For
forbidden direct transitions,
α(hν) = B/[hν − Eg]1.5 (2.4)
where B/ 6= B but depends on the same variables as B [6]. In indirect bandgap materials,
the CB minimum and VB maximum do not occur at the same value of k
¯
and hence
momentum is not conserved in band-band transitions. Since the transition requires a
change in momentum a two-step process is needed, involving scattering by a phonon to
conserve k
¯
. The range of α for indirect transitions is between 10−1 − 102cm−1 [8] and
hence the reason why a substantial thickness and a long minority carrier diﬀusion length
are needed when such materials are used in fabricating solar cell devices.
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2.2.1 Carrier Generation
In a solar cell carrier generation is the outcome of an optical absorption process.
(i) For hν = Eg, e–h pairs are generated.
(ii) For hν > Eg, e–h pairs are generated and also the excess energy (hν − Eg) is wasted
as heat.
(iii) For hν < Eg, e–h pairs are not generated under intrinsic conditions. However under
extrinsic condition, a photon will be absorbed because of the available energy states
in the forbidden gap due to chemical impurities or physical defects. These processes
are illustrated in Figure 2.3 [9].
(a) (b)
(c)
Eg
EC
EV
Et
Figure 2.3: Photon Transitions in a Semiconductor for (a) hν = Eg (b) hν > Eg and (c)
hν < Eg.
The dependence of carrier generation-rate per unit area (photon-absorption rate) as a
function of Eg derives from the above criteria, added with the spectral distribution of solar
radiation.
2.2.2 Recombination
Recombination is the reverse of generation and acts to restore the equilibrium condition of
the carriers. It can be radiative/band-to-band recombination, when an electron recombines
with a hole to emit a photon or non-radiative recombination, carrier recombination through
traps or localised energy states in the forbidden gap. Auger recombination can occur when
the electron recombining with a hole gives oﬀ its excess energy to a second electron in
the CB or VB without emitting radiation while the second electron drops back to its
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original energy with an emission of a phonon. Auger recombination is an inverse of impact
ionisation, the creation of e-h pair when a high-energy electron collides with an atom
and breaks the bond. Surface recombination also occurs from the discontinuities that
arises due to large number of localised energy states or generation-recombination centres
introduced at the surface owing to the abrupt discontinuity of the lattice structure at the
surface [9]. In general, radiative recombination is common in direct bandgap materials,
indirect recombination in indirect energy bandgap materials while Auger recombination is
common in heavily doped materials. Radiative and non-radiative recombination processes
are illustrated in Figure 2.4 respectively.
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Figure 2.4: Radiative Recombination (a), and Non-radiative Recombination at: (b) Recom-
bination Centre (c) Electron Trap (d) Hole Trap, and Auger Recombination at
(e) CB (f) VB [7, 10, 11].
2.3 p-n Junction
The p-n junction is the heart of all semiconductor solar cells. Generally all photovoltaic
cells contains some built-in asymmetry (making both sides diﬀerent from each other). If
such asymmetry consists of a p-type and n-type semiconductor material that are brought
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into intimate contact, a p-n junction is formed. Owing to the diﬀerences in the electron
and hole concentrations in the opposite sides (large concentration gradient), there is a
tendency for electrons to diﬀuse from the n-type side to the p-type side and holes from
the p-type side to the n-type side. This results in a build-up of positive charges on the
n-type side and that of negative charges on the p-type side. The resultant double layer of
charges (space charge region or depletion region) sets up an electric ﬁeld that stops the
further ﬂow of the carriers. Under equilibrium conditions, the drift current ﬂow will be
balanced by the opposing diﬀusion current such that the net current ﬂow is zero and the
Fermi level EF is constant across the entire material. The electrostatic potential (junction
or built-in potential) Vbi set up by the electric ﬁeld across the junction is related to the
doping concentrations, and the magnitude of this electrostatic potential is the sum of the
magnitude of the potentials on the n-side (Vn) and the p-side (Vp). Figure 2.5 illustrates
these processes for a typical p-n junction. In the neutral p-region, the diﬀerence in energy
between EF and Ei (intrinsic Fermi-level) on the p-side of the junction is qVp, hence
qVp = (Ei − EF ) (2.5)
From basic semiconductor theory, it is well known that:
p = ni exp
(
Ei − EF
kT
)
(2.6)
or
n = ni exp
(
EF − Ei
kT
)
(2.7)
which implies that putting Equation (2.6) in Equation (2.5) and assuming a complete
ionisation of acceptors (p = NA), gives:
|Vp| = kT
q
ln
NA
ni
(2.8)
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Figure 2.5: (a) p-n Junction Energy Diagram Indicating Direction of Current Flow (b) the
Junction at Thermal Equilibrium [12].
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At the neutral n-side of the junction, applying the same argument with respect to n yields:
|Vn| = kT
q
ln
ND
ni
(2.9)
Adding Equation (2.8) and Equation (2.9) gives:
Vbi =
kT
q
ln
NAND
n2i
(2.10)
where NA and ND are the acceptor and donor impurity densities respectively and n2i is the
intrinsic carrier density. Equation (2.10) shows that Vbi depends strongly on the doping
concentrations in the p and n regions respectively. For the overall space charge neutrality
of the semiconductor to be maintained, the total negative charge per unit area on the
p-side must be equal to the total positive charge per unit area on the n-side and hence:
NAxp = NDxn (2.11)
where xp is the penetration of the depletion region into the p-material and xn is the
penetration of the depletion region into the n-material. The width of the depletion region
w is given by:
w = xp + xn (2.12)
The equalisation of Fermi levels throughout the material at thermal equilibrium results
in a unique space charge distribution at the junction which is adequately described by
Poisson’s equation [13, 14]:
d2ψ
dx2
≡ −dE
dx
= −ρs
ǫs
= − q
ǫs
(ND −NA + p− n) (2.13)
When a region is completely depleted such that p = n = 0, Equation (2.13) becomes:
d2ψ
dx2
=
q
ǫs
(NA −ND) (2.14)
Figure 2.6 gives a typical picture of the space charge distribution of an abrupt junction.
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Figure 2.6: (a) Rectangular Approximation of the Space Charge Distribution (b) Electric
Field Distribution (c) Potential Diﬀerence Distribution [12, 15].
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Owing to the total depletion of the free carriers, Poisson’s equation changes to:
d2ψ
dx2
= +
qNA
ǫs
for − xp ≤ x < 0 (2.15)
and
d2ψ
dx2
= −qND
ǫs
for 0 < x ≤ xn (2.16)
Using the abrupt junction approximation, integration of these Poisson’s equations gives
the electric ﬁeld as [13, 15]:
E(x) = −dψ
dx
= −qNA(x+ xp)
ǫs
for − xp ≤ x < 0 (2.17)
and
E(x) = −Em + qNDx
ǫs
=
qND
ǫs
(x− xn) for 0 < x ≤ xn (2.18)
where Em is the maximum of the ﬁeld at x = 0 given by:
Em = qNDxn
ǫs
=
qNAxp
ǫs
(2.19)
The potential distribution V(x) and the junction potential Vbi is obtained by integrating
Equations (2.17) and (2.18) over the depletion region hence:
V (x) = Em
(
x− x
2
2w
)
(2.20)
and the contact potential is given by:
Vbi =
1
2
Emw ≡ 12Em(xn + xp) (2.21)
If Em is eliminated from Equations (2.19) and (2.21), an expression for the depletion width
21
of a two-sided abrupt junction is obtained as [15]:
w =
√
2ǫs
q
(
NA +ND
NAND
)
Vbi (2.22)
A one-sided abrupt junction is formed when one side of the junction is more heavily doped
than the other and in most cases for solar cell, ND ≫ NA such that Equation (2.22) reduces
to:
w =
√
2ǫsVbi
qNB
(2.23)
where NB = NA. Equation (2.23) implies that the depletion layer width could be increased
by decreasing the doping concentration on the p-type side of such device. However possible
consequences are that the bulk resistance of the p-type side and the speciﬁc contact
resistance of the electrical contact to the p-type side will be increased thereby increasing
the series resistance of the device. Figure 2.7 shows the depletion region, space charge
and electric ﬁeld distribution accordingly. The energy band diagram given previously in
Figure 2.5(b) and Figure 2.6(c) reveal that the total electrostatic potential across the
junction is Vbi hence if a positive voltage VF is applied to the p-side with respect to the
n-side, the p–n junction becomes forward biased as shown in Figure 2.8(a). The total
electrostatic potential reduces by VF (i.e. to Vbi − VF ), indicating that forward bias has
the eﬀect of narrowing the depletion layer width. When a positive voltage VR is applied to
the n-side with respect to the p-side as shown in Figure 2.8(b), the junction now becomes
reverse biased and the total electrostatic potential across the junction increases by VR (i.e.
to Vbi+VR), implying that reverse bias has the eﬀect of widening the depletion layer width.
When these observed changes for the junction potential are included in Equation 2.23, an
expression showing the depletion layer width as a function of applied voltage for both case
is obtained as:
w =
√
2ǫs(Vbi ± V )
qNB
(2.24)
where V = VR or VF .
Table 2.1 summarises the diﬀerences and similarities between a forward-biased and reverse-
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Figure 2.7: One Sided Abrupt Junction (ND ≫ NA): (a) Depletion Region (b) Space
Charge Distribution (c) Distribution of Electric Field [9, 16].
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biased p-n junction.
2.3.1 Capacitance-Voltage Analysis
It has been established that the depletion layer of a p-n junction is analogous to a parallel-
plate capacitor in which the depletion layer width is equivalent to the spacing between the
two plates i.e the capacitance C, is given by [9, 10]:
C =
εsεoA
w
(2.25)
where w is the depletion layer width, A is the junction area, εs and εo are the static
dielectric constant of the material and permittivity of free space respectively. Substituting
Equation (2.24) for the reverse bias case in Equation (2.25) and assuming a p+ -n diode in
which NA ≫ ND, gives:
C =
εsεoA√
2εsεo(Vbi + V )
qND
(2.26)
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Forward bias Reverse bias
Connection is from positive terminal
to p-side.
Connection is positive terminal to
n-side.
Reduction in junction potential. Increase in junction potential.
Increased electron diﬀusion from n-
side to p-side compared with the
steady-state condition.
Reduction in electron diﬀusion from
n-side to p-side compared with the
steady-state condition.
Increased hole diﬀusion from p-side
to n-side compared with the steady-
state condition.
Reduction in hole diﬀusion from p-
side to n-side compared with the
steady-state condition.
Flow of drift current is the same as
in steady state condition.
Flow of drift current is the same as
in steady state condition.
Flow of a large diﬀusion current is
observed.
Flow of a very small reverse satura-
tion current is observed.
Table 2.1: Diﬀerences and Similarities Between
Forward-biased and Reverse-biased p-n Junction.
Rearranging Equation (2.26) gives:
1
C2
=
2Vbi
εsεoqNDA2
+
2V
εsεoqNDA2
(2.27)
Equation (2.27) is of the form Y = c + mx hence a graph of 1/C2 against V gives the
following information:
• At 1/C2 = 0, V = -Vbi
• ND = 2/qεsεoA2 × slope
• NA = ni2/ND exp(qVbi/kT)
• w = εsεoA/C
• xn = wNA/(NA + ND)
• xp = wND/(NA + ND)
It is pertinent to mention that for an abrupt p+n or n+p heterojunction device, the intercept
on the V-axis for 1/C2 = 0 in most cases do not correspond to Vbi due to the presence
of interface states at the heterojunction. In such cases, Vbi can be deduced using the
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expression [17]:
Vintercept = Vbi −Ψm − βQ2IS (2.28)
where QIS is the charge on the interface states and Ψm is the electric dipole at the interface.
2.4 Current-Voltage Characteristics
2.4.1 Ideal Diodes
The major assumptions that determine the ideal current-voltage characteristics of a p–n
junction are [18, 19]:
• The depletion region has abrupt boundaries and outside the boundaries the semicon-
ductor material is assumed to be neutral.
• The injected minority carrier densities are small compared to the majority carrier
densities.
• The carrier densities at the boundaries are related by the built-in potential across
the junction.
• Within the depletion region, neither generation nor recombination currents exist,
implying that the electron and hole currents are constant throughout the space charge
region.
Under steady state conditions, the doping concentration is equal to the majority carrier
density hence the built-in potential (Equation (2.10)) is given by:
Vbi =
kT
q
ln
pponno
n2i
=
kT
q
ln
nno
npo
(2.29)
where pno and ppo are the equilibrium hole densities in the n- and p- sides and nno and npo
are the equilibrium electron densities in the n- and p- sides. From Equation (2.29):
nno = npoe
qVbi
kT (2.30)
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and:
ppo = pnoe
qVbi
kT (2.31)
Considering Equations (2.30) and (2.31), it can be observed that the electron and hole
densities are related to the built-in potential at thermal equilibrium and even when a
voltage is applied across the junction, this relation remains invariant. As indicated in
Figure 2.8 and Table 2.1, application of forward or reverse bias changes the electrostatic
potential diﬀerence by Vbi−VF and Vbi+VR such that, Equation (2.30) now changes to [9]:
nn = npe
q(Vbi−V )
kT (2.32)
where nn and np are the non-equilibrium electron densities at the depletion layer boundaries
on the n- and p- sides respectively. Under steady state conditions, the injected minority
carrier density is negligible compared to the majority carrier density, hence nn ≃ nno. The
electron density at the edges of the depletion region on the p-side can be obtained by
putting this relation and Equation (2.30) into Equation (2.32):
np = npoe
qV
kT (2.33)
or
np − npo = npo(e
qV
kT − 1) (2.34)
Also,
pn = pnoeqV/kT (2.35)
or alternatively
pn − pno = pno(e
qV
kT − 1) (2.36)
at x = xn for the n-type boundary.
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The combined eﬀect of drift, diﬀusion and recombination in a semiconductor can be
described by the steady state continuity equation. The general expression for a minority
carrier (in this case a hole in an n-type material) under low injection conditions is related
as [9]:
∂pn
∂t
= −pnµp∂E
∂x
− µpE dpn
∂x
+Dp
∂2pn
∂x2
+Gp − pn − pno
τp
(2.37)
Alternatively for an electron in a p-type material,
∂np
∂t
= npµn
∂E
∂x
+ µnE dnp
∂x
+Dn
∂2np
∂x2
+Gn − np − npo
τn
(2.38)
The absence of generation or recombination currents (zero drift and diﬀusion current) in
the depletion layer implies that all the currents are assumed to be coming from the neutral
regions since there is no electric ﬁeld in the neutral regions; hence Equation (2.38) reduces
to [9]:
d2pn
dx2
− pn − pno
Dpτp
= 0 (2.39)
Using the boundary conditions of Equation (2.36) with pn(x = ∞) = pno gives
pn − pno = pno(eqV/kT − 1)e−(x−xn)/Lp (2.40)
where Lp ≡
√
Dpτp, is the minority diﬀusion length of holes in the n-region. For x = xn,
Jp(xn) = −qDpdpn
dx
∣∣∣∣∣
xn
=
qDppno
Lp
(eqV/kT − 1) (2.41)
Also for the neutral p-region:
np − npo = npo(eqV/kT − 1)e(x+xp)/Ln (2.42)
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and
Jn(−xp) = −qDndnp
dx
∣∣∣∣∣
−xp
=
qDnnpo
Ln
(eqV/kT − 1) (2.43)
where Ln, the minority diﬀusion length of electrons is deﬁned by Ln ≡
√
Dnτn . Because
Dn =
kT
q
µn (Einstein relation) (2.44)
it follows that
Ln =
√
kT
q
µnτn (2.45)
The sum of the current density which is constant throughout the device can be obtained
by adding Equation (2.41) and (2.43):
J = Jp(xn) + Jn(−xp) = Js(eqV/kT − 1) (2.46)
Js ≡ qDppno
Lp
+
qDnnpo
Ln
(2.47)
or
Js = qNCNV
[
1
NA
√
Dn
τn
+
1
ND
√
Dp
τp
]
e
−Eg
kT (2.48)
where Js is the saturation current density. Equation (2.46) is often called the Shockley
equation or the ideal diode equation [20]. In current form, Equation (2.46) could be written
as
I = Is(eqV/kT − 1) (2.49)
29
2.4.2 Real Diodes
2.4.2.1 Generation-Recombination Effects
In real diodes, most of the idealised situations indicated earlier do not hold true in all
cases due to the eﬀects of generation and recombination of carriers. Under forward bias
condition, for diodes made from semiconductors with Eg > 1 eV, recombination in the
depletion region dominates at 300K and for V > 3kT/q, the recombination current is
given as [14]:
IF =
niqw
2τr
eqV/2kT (2.50)
where τr is the recombination lifetime.
A combined current ﬂow due to diﬀusion and recombination mechanisms occurs for a
certain range of temperatures when the total forward current is given by:
IF = q
√
Dp
τp
ni
2
ND
eqV/kT +
niqw
2τr
eqV/2kT (2.51)
It has been established that in general [14]:
IF ∝ eqV/AkT (2.52)
where A is known as the ideality factor and usually has a value between 1 and 2. For
semiconductors with Eg > 1 eV, the behaviour is as indicated in Figure 2.9. When
the diﬀusion current dominates, A = 1 and when recombination dominates, A = 2 but
when both diﬀusion and recombination are comparable, A has a value between 1 and 2.
Under reverse bias condition, the carrier concentrations are well below their equilibrium
concentrations and electron-hole emissions are dominant hence the generation current is
given by:
Ig =
niqw
τg
(2.53)
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Figure 2.9: Forward Current-voltage Characteristics.
where g is the generation lifetime. The total generation current in reverse bias can be
approximated as:
IR = q
√
Dp
τp
ni
2
ND
+
niqw
τg
(2.54)
2.4.2.2 Effects of Temperature
Device performance is strongly inﬂuenced by temperature eﬀects because of the dependence
of the diﬀusion and recombination-generation currents on temperature, independent of the
biasing mode. Under forward bias, the ratio of the diﬀusion current to the recombination-
generation current is given by the relation:
Idiffusion
Irecombination
= 2
ni
ND
LP
w
τr
τp
eqV/2kT ∼ exp
[
−Eg − qV
2kT
]
(2.55)
Equation (2.55) indicates that the dominant process depends on the energy bandgap and
on temperature. Considering a silicon diode at room temperature (see Figure 2.10), if
the forward bias voltage is small, the recombination current is dominant while at higher
forward bias voltages, the diﬀusion voltage usually predominates [9]. The diﬀusion current
increases at a greater rate than the recombination current as temperature increases at any
value of the forward bias voltage. For a wide range of forward bias voltages, this behaviour
is consistent with Equation(2.46). For a one-sided abrupt p+ − n junction with A = 1, the
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Figure 2.10: Junction Temperature Tj Eﬀects on a Silicon p–n Junction Diode.
saturation current density is related to the temperature by:
Js ≈ qDpPno
Lp
∼ n2i ∼ exp
[
−Eg
kT
]
(2.56)
Equation (2.56) is of the form Y = mx + c and hence the slope of a graph of Js versus
1
T
will give an activation energy that corresponds to the energy bandgap. If a reverse bias
voltage is applied to an asymmetrical p+ − n junction, the ratio of the diﬀusion current to
the generation current is
Idiffusion
Igeneration
=
niLp
NDw
τg
τp
(2.57)
Equation (2.57) indicates that the ratio is directly proportional to the intrinsic carrier
density ni. In general, the generation current dominates at low temperatures while diﬀusion
current becomes dominant at higher temperatures [10, 16].
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2.4.2.3 Large Reverse Voltage Effects (Junction Breakdown)
The eﬀect of tunnelling and avalanche multiplication mechanisms can result in the p–n
junction exhibiting a non-destructive breakdown when a suﬃciently large reverse bias
voltage is applied on the junction. This is shown on Figure 2.11(a)–(b). For tunnelling
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Figure 2.11: Junction Breakdown (a) Tunnelling Eﬀect (b) Avalanche Breakdown.
to occur, a very high electric ﬁeld, typically of the order of 107Vcm−1 or higher, is
applied to the junction in the reverse direction. This can be achieved by having high
doping concentrations (> 5× 1017 cm−3) in the quasi-neutral regions of the device [9]. The
tunnelling process is illustrated in Figure 2.11(a). Impact ionisation mechanism is the
major cause of an avalanche multiplication process. Figure 2.11(b) indicates a moderately
doped asymmetrical p+ − n abrupt junction under reverse bias, exhibiting an avalanche
breakdown process. When an electron denoted by 1 gains kinetic energy from the electric
ﬁeld and this ﬁeld is high enough, it can gain suﬃcient energy such that it can break the
lattice bonds creating an e-h pair (2′ and 2). Further new collisions are induced by the
newly created e-h pairs when they acquire enough kinetic energy from the ﬁeld resulting
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in the generation of other e-h pairs (3′ and 3). These generative processes constitute
what is known as avalanche multiplication. However, it is possible for the two to occur
independently or simultaneously. In general, diode junctions that break down below 5V
are mostly associated to tunnelling eﬀect but for junction breakdown above 5V, avalanche
process dominates. Within 5V, junction breakdowns are explained by a combination
of both eﬀects [16, 21]. Increased junction temperature are known to reduce tunnelling
breakdown voltage but increases the avalanche breakdown voltage.
2.5 Homojunctions
A homojunction consists of a junction of the same semiconductor material with diﬀerent
doping types and densities on each side of the device. The formation of a reasonable
potential diﬀerence at the junction is achieved through altering the doping of the diﬀerent
sides of the material in question. This arrangement gives room for obtaining the required
asymmetry in resistance that is needed for solar photovoltaic conversion in that the junction
behaves as a selective barrier to the ﬂow of the charge carriers. The main advantages of a
homojunction device is the absence of interface eﬀects due to there being no mismatch
of lattice constants at the junction. However signiﬁcant surface recombination can limit
device performance substantially.
2.5.1 Homojunction Dark-current Analysis
The major current transport mechanisms in a forward biased p-n junction are: (i) diﬀusion
of the carriers over the junction (carrier injection) (ii) recombination of carriers within
the depletion region (iii) multi-step tunnelling and recombination through extrinsic states.
The dark current-voltage behaviour of a solar cell is a useful tool in understanding the
dominant current transport since it is understood that if a forward biased solar cell is
supplying power, a dark current that opposes the photocurrent is always present. The
possible current transport mechanisms are shown on Figure 2.12 [22]. In general, the total
dark current contribution is the sum of diﬀusion, recombination and tunnelling currents.
The major diﬀerence between diﬀusion and recombination currents lies in their temperature,
voltage and energy bandgap dependence as earlier highlighted in subsection 2.4.2. The
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Figure 2.12: Forward biased p-n Homojunction Current Transport Mechanism.
dark depletion region recombination current density under forward bias is given as [22]:
J =
qniw√
τpτn
2sinh(qV/2kT )
e(Vbi−V )/kT
f(b) (2.58)
where f(b) is an integral function which can be simpliﬁed further to give information on
the trap level and intrinsic Fermi level. For forward bias voltages > 2kT/q and for ND ≫
NA Equation (2.58) reduces to [22]:
J = Jo(eqV/2kT ) (2.59)
where
Jo = Joo(e−Eg/2kT ) (2.60)
and
Joo = kT
√
2NCNV ǫs(Vbi − V )
qNAτpτn
f(b) (2.61)
For multi-step tunnelling through extrinsic states, the availability of intermediate energy
states makes it possible for electrons to tunnel from the conduction band to such energy
levels within the forbidden gap, across the junction or an amalgam of recombination and
tunnelling as shown in Figure 2.12.
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2.6 Heterojunctions
A heterojunction is formed when two materials of diﬀerent energy bandgap (Eg1 6= Eg2)
and electron aﬃnities (χ1 > χ2) are brought into intimate contact. It could be in the
form of a semiconductor (p-n or p-i-n) or metal-semiconductor conﬁguration. It could
also be formed in semiconductor-liquid junction or excitonic solar cells (dye sensitised
solar cells) and in this case, additional parameters of interest are the chemical potential,
redox potential and eﬀective work function. Abrupt heterojunctions can be grouped into
anisotype (when the two materials have diﬀerent conductivity types i.e. n and p type )
and isotype when the semiconductors have the same conductivity type (i.e. n–n or p–p).
If the two semiconductors with required asymmetry are brought into intimate contact
with each other, charge is transferred until Fermi levels are equalised across the two layers.
When such contact occurs, it gives rise to three diﬀerent band alignments (a) the straddled
alignment or Type I alignment (b) the staggered alignment or Type II alignment (c) the
broken-gap alignment or Type III alignment. The diﬀerent band alignments are illustrated
in Figure 2.13. Diﬀerent models have been proposed in a bid to understand the energy
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Figure 2.13: Semiconductor Heterojunction Band Alignments (a) Straddled Alignment (b)
Staggered Alignment (c) Broken-gap Alignment.
band oﬀsets and other processes taking place in heterojunctions. This is because carrier
transport in heterojunctions are governed by diﬀerent mechanisms in the interface region
namely; recombination, tunnelling or combinations of the two involving energy levels
near the interface. This makes heterojunction theory quite complex due to the presence
of discontinuities in the conduction and valence bands as well as interface dipole layers,
coupled with the distortion of the junction proﬁle by the distribution of active interface
states. Additionally, the properties of interface varies from one material to the other and
also depends to a large extent on how they were formed. Models based on anisotype
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heterojunctions are discussed below.
2.6.1 Anderson Model
The ﬁrst most comprehensive model for representing the energy band diagram of a hetero-
junction can be traced to Anderson [23]. The model is based on the following assumptions;
• the absence of interface states at the junction
• the current transport is through injection into the quasi-neutral regions or by
recombination-generation in the depletion layer
• the junction is abrupt.
The major basis of Anderson’s model was to account for the discontinuities in material
properties using the bandgap (Eg), electron aﬃnity (χ) and work function (φ). Figure 2.14
gives two semiconductors before and after junction formation [17]. The work function
depends on the doping levels but the energy bandgap and electron aﬃnity are assumed
constant for the two semiconductors. In a n-type semiconductor, the work function φ is
given as:
φ = χn + δn (2.62)
where δn is the energy separation between the Fermi level and the conduction band.
Assuming a n-type non-degenerate semiconductor, this energy separation is given as [15]:
δn =
(
−kT
q
)
ln
(
ND
NC
)
(2.63)
where ND is the donor concentration and NC is the eﬀective density of states at the
conduction band-edge. Also for a p-type semiconductor, the work function becomes:
φp = χp + Egp − δp (2.64)
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Figure 2.14: Anderson Model of two Dissimilar Semiconductors (a) Before Junction For-
mation (b) After Formation of the Junction.
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where δp now refers to the energy separation between the valence band-edge and the Fermi
level. For a non-degenerate p-type semiconductor, δp is given by:
δp =
(
−kT
q
)
ln
(
NA
NV
)
(2.65)
where NA and NV are the acceptor concentration and eﬀective density of states at the
valence band-edge respectively. The conduction band-edge discontinuity is given by [22]:
∆Ec = χp − χn (2.66)
Equation (2.66) relates the electron aﬃnities and the energy bandgaps of the two semicon-
ductor materials hence ∆Ev can be given by:
∆Ev = (Egn − Egp)−∆Ec (2.67)
The built in voltage due to the diﬀerence in work functions can be expressed as:
Vd = φp − φn (2.68)
or
Vd = Egp +∆Ec − δp − δn (2.69)
Anderson model excluded interface states hence a depletion region is formed on either
side of the junction which indicates that the width of this space-charge region could be
obtained as usual by solving Poisson’s equation on either side of the boundary [15], thus:
xp =
√
2εnεpNdVd
qNa(εnNd + εpNa)
(2.70)
xn =
√
2εnεpNaVd
qNd(εnNd + εpNa)
(2.71)
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the total depletion width becomes
w = xp + xn =
√
2εnεpVd(Na +Nd)2
qNaNd(εnNd + εpNa)
(2.72)
for Nd ≫ Na then the depletion width approximates to
w =
√
2εpVd
qNa
(2.73)
Also the junction capacitance could be obtained as:
Cj =
√
qεnεpNaNd
2(εnNd + εpNa)Vd
(2.74)
Applying the same single-sided junction approximation Nd ≫ Na, Equation (2.74) changes
to
Cj =
√
qεsNa
2Vd
(2.75)
Using the Anderson model, the J − V relation of Figure 2.14 gives [17, 24]:
J = Joo exp
[
−q(∆Ec + Vd)
kT
]
×
[
exp
(
qV
kT
)
− 1
]
(2.76)
for an applied bias V, where
Joo = qXNd
√
Dn
τn
(2.77)
X is the transmission co-eﬃcient for electrons to cross the interface, Dn is the minority
carrier diﬀusion co-eﬃcient and τn is the minority carrier lifetime of the electrons in the
p-type material.
It should be noted that when the two semiconductors are placed intimately close together,
a “spike” and a “notch” appear at the junction between the two interfaces and this “spike”
can act to block the collection of photogenerated carriers. In Anderson’s model, the
observed experimental values are much smaller than the predicted values and this he
attributed to a high reﬂection of charge carriers at the interface.
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2.6.1.1 Emission Model (Perlman and Feucht)
This model takes into account both the low values of transmission coeﬃcient observed in
the Anderson’s model and the eﬀects of the conduction band spike [25]. Assuming the
case of a p–n heterojunction of the abrupt type in which the movement of charges are
mostly by electrons, two diﬀerent processes are expected for the I-V behaviour: (i) metal-
semiconductor behaviour where current passage is lowered by the potential barrier on the
n-side of the device, and (ii) homojunction type behaviour in which the build up of minority
carriers at the edge of the depletion region obstructs the ﬂow of current. When there is a
large reverse potential barrier Vr as shown in Figure 2.15, metal-semiconductor behaviour
dominates while homojunction type behaviour becomes dominant in situations where the
spike lies below the conduction band of p-type material outside the space-charge region.
Supposing the generation and recombination within the depletion region are negligible, the
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Figure 2.15: Perlman and Feucht Transport Model.
current-voltage characteristics can be deﬁned as [25]:
J = Jo(expqV/kT −1) (2.78)
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where Jo is given as
Jo =
1
2
qXmNd
√
2kT
πmn∗
exp−q(VF−V )/kT (2.79)
for cases in which metal-semiconductor type behaviour predominates, where mn∗ is the
eﬀective mass of the electrons in the n-type material, Vf is the forward barrier height, and
Xm is the transmission co-eﬃcient. When homojunction type behaviour dominates,
Jo = qNd
√
Dn
τn
(2.80)
where Dn and τn are the diﬀusion constant and lifetime of electrons in the p-type material.
The emission model also has its setbacks in that the predicted exponential variation
of reverse current followed by saturation at higher voltages is not in agreement with
experiments [17].
2.6.1.2 Emission-Recombination Model (Dolega’s Model)
The emission-recombination model is based on the assumption that there is thermal
emission into and then fast recombination of electrons and holes within a thin layer at
the metallurgical interface, the fast recombination being due to a high density of interface
states within the junction region [26]. Such rapid recombination in the interface layer
means that rectiﬁcation does not exist unless the depletion region is wider than this layer.
In this case, the p–n heterojunction is modelled as a series connection of the two metal-
semiconductor contacts in which the bias voltage is controlling the boundary concentrations
of the current carriers. According to Van Opdorf [17] a simple expression for the forward
J-V characteristics is given as:
J = Jo(expqV/AkT −1) (2.81)
and
Jo = Joo exp(−qVd/AkT ) (2.82)
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where Joo is weakly temperature dependent. The diode factor A in Equation 2.81 and
Equation 2.82 varies between exp(qV/kT ) and exp(qV/2kT ) (i.e. between A = 1 and A
= 2) respectively, and depends on the ratio of the doping densities in the constituent
semiconductors (p-type and n-type).
2.6.1.3 Tunnelling Model (Rediker, Stopek and Ward)
This model assumes that tunnelling through the “spike” of an abrupt p–n heterojunction
limits the current ﬂow [27]. Earlier work by Price [28], indicated that the electrons in
the conduction band have to pass through or cross over the potential barrier in order
to traverse the junction (see Figure 2.16) and hence electron ﬂow under forward bias is
mostly due to tunnelling through the barrier or thermal emission over it. Multiplying the
αVEb(max)Eb(x)
x1
x2
(1 -α)V
Figure 2.16: Rediker, Stopek and Ward Tunnelling Model.
incident electron ﬂux with the expression for the tunnelling probability gives the tunnelling
current in the heterojunction implying that the tunnelling phenomenon is much greater
than thermal emission over the potential barrier. Hence the J-V characteristics under
forward bias can be expressed by [29]:
J = Jo
(
T
)
exp
(
V
Vo
)
(2.83)
where Jo(T ) varies slightly with temperature and Vo is a constant.
Attempts by Rediker et al. [27] did not indicate any expression for the dependence of
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Jo(T ) on temperature. Later Newman [30] aﬃrmed that Jo(T ) was proportional to exp( TTo )
modifying Equation(2.83) to
J = Joo exp
(
T
To
)
exp
(
V
Vo
)
(2.84)
where Joo, To, and Jo are all constants.
2.6.1.4 Tunnelling-recombination Model (Donnelly and Milnes)
Donnelly and Milnes [31] proposed a variant of the tunnelling–recombination model as
shown in Figure (2.17). They proposed that current transport in p-n heterojunctions
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or tunneling
Minority carrier injection
into/recombination 
in the bulk
Figure 2.17: Donnelly and Milnes Tunnelling-recombination Model [17].
occur simultaneously and noted that it begins with the minority carrier injection into and
recombination in the bulk of the lower Eg material (p-type), followed by recombination at
the interface of both charge carriers transported by thermal emission over or by tunnelling
through their respective barriers. The current contribution arising from thermal emission
or tunnelling from the wider bandgap side to the smaller bandgap where minority carrier
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injection into/recombination in the bulk is in dominance is given by:
I = Io(expqV/AkT ) = Ioo exp(−Φ/kT ) exp(qV /AkT ) (2.85)
where Ioo = qASNB and S = VthQISNIS , S is the surface recombination velocity, Vth is
the thermal velocity, NIS is the density of interface states, QIS is the capture cross-section
of the interface states and Φ is the activation energy.
2.6.2 Rectifying and Non-Rectifying Contacts
In general, Schottky barrier contacts results in a depletion region in the semiconductor
which restricts the ﬂow of current in one direction and prevents carrier injection in the
other. Schottky barrier contacts are characterised by the following features [32, 33]:
• Minority carrier injection does not exist in the metal-semiconductor junction.
• There is no recombination in the depletion region.
• Ideality factor is approximately unity.
• In the metal, only electrons exists, there are no holes.
• Hence only depletion capacitance exists, there is no diﬀusion capacitance.
• Because of the absence of diﬀusion capacitance, Schottky diodes are very fast, hence
their use in fast switching applications.
A metal-semiconductor contact whose contact resistance is very small when compared to
the bulk resistance of the semiconductor material is referred to as an Ohmic contact. The
non-rectifying behaviour is because Ohmic contacts form an accumulation layer of carriers
in the semiconductor which allow current to ﬂow in both directions. Figure 2.18 gives a
typical I-V curve for an Ohmic contact and a Schottky barrier diode. Ohmic contacts are
mostly preferred when fabricating solar cells because the contacts to the cell should not
restrict current ﬂow and also supply this current with a voltage drop that is adequately
small relative to the voltage drop across the active region of the device. An ohmic contact
is formed in a n-type material if the work function of the metal is smaller than that of
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Figure 2.18: Typical I-V Characteristics for an Ohmic Contact and a Schottky Barrier
Diode.
the semiconductor i.e. (φm < φn), whereas for a p-type material, the work function of the
metal is larger than that of the semiconductor [19, 34]. The dominant transport mechanism
depends on the doping concentration. A low doping concentration favours thermionic
emission currents while tunnelling currents dominate for a high doping concentration.
2.7 Principles of Operation of Solar Cells (Photovoltaic
Effect)
Solar cells are materials that convert sunlight into electricity using the photovoltaic eﬀect.
The photovoltaic eﬀect involves the creation of a voltage or current in a device when
light is shone on it. Under illumination, photons with hν > Eg of the semiconductor are
absorbed, resulting in the excitation of electrons from the valence band to the conduction
band leaving equal number of holes in the valence band. When the e-h pairs are generated
within the p-n junction or within a minority carrier diﬀusion length from the edge of each
depletion region, the electric ﬁeld in the space charge region separates them and drives
them to an external circuit where they are collected. A diagram of a typical p-n junction
solar cell is shown in Figure 2.19 while Figure 2.20 shows the energy band diagram of a
solar cell under irradiation. The current-voltage characteristics of a p–n junction can be
closely modelled by the ideal diode equation in the dark given by:
I = Io(expqV/AkT − 1) (2.86)
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Figure 2.19: Schematic Diagram of a Solar Cell.
Figure 2.20: Band Diagram of Solar Cell Under Illumination.
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Under solar irradiation, the photogenerated current is opposite in direction to the dark
current and hence Equation 2.86 becomes [11]:
I = Io(expqV/AkT − 1)− IL (2.87)
It is the photocurrent term IL that manifests the shifting of the I-V curve vertically
downwards as denoted in Figure 2.21. IL is deﬁned as:
IL = qAG(Lp + w + Ln) (2.88)
where G is the number of e-h pairs generated per unit volume per second, Ln and Lp are
the minority carrier diﬀusion lengths in the p-side and n-side, w is the depletion region
width and A is the cross-sectional area [4, 11, 13, 16].
Figure 2.22 shows the I-V and P-V (power-voltage) curves and the optimum point for the
photovoltaic parameters of a solar cell. Electrically, a solar cell can be closely approximated
by a circuit in which a current generator is placed in parallel with an asymmetric non-linear
resistive element such as a diode. Figure 2.23 shows such scenario while Figure 2.24 gives
the equivalent circuit of a non-ideal solar cell.
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Figure 2.21: Typical I–V Characteristics of a p–n Junction in the Dark and Under Illumi-
nation.
48
Imp
Isc
I
V
P
V
Vmp Voc
Pmax
Pmax .
.
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Figure 2.23: Equivalent Circuit of an Ideal p–n Junction.
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Figure 2.24: Equivalent Circuit of a Non-ideal Solar Cell [35].
2.7.1 Solar Cell Parameters (Solar Cell Figures of Merit)
The solar cell ﬁgures of merit are those parameters that enables the full interpretation of
the I–V characteristics of a solar cell. These parameters include: the short-circuit current
Isc, the open-circuit voltage Voc, the ﬁll factor FF, and the solar conversion eﬃciency η.
• Short-circuit current: This is the maximum current that ﬂows in the device at
zero voltage (i.e. the current generated in the cell when the load resistance is zero).
Considering the ideal case in which the eﬀects of RS and RSH are ignored, substituting
the Isc conditions in Equation (2.87) reduces to Equation (2.88). This shows that Isc
is directly proportional to the incident light. In non-ideal solar cells, series and shunt
resistances are always present and hence Equation (2.87) changes to [36]:
I = Io
(
exp
q(V − IRs)
AkT − 1
)
+
(
V − IRs
Rsh
)
− IL (2.89)
• Open-circuit voltage: This is the maximum voltage that the cell can deliver at
zero current (i.e. the voltage produced when the load resistance is inﬁnite). It is
found to increase logarithmically with increase of the intensity of the incident solar
illumination. From Equation (2.87), the open circuit voltage can be written as:
Voc =
AkT
q
ln
[
Il
Io
+ 1
]
(2.90)
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Because Il ≫ Io:
Voc ≈ AkT
q
ln
[
Il
Io
]
(2.91)
Equation (2.91) shows that Voc not only depends strongly on the current generation
and recombination mechanisms but also on Io i.e. it depends on the nature of the
junction transport current.
• Fill Factor: This indicates the “squareness” or sharpness of the knee of the I − V
curve i.e. how well the maximum power rectangle ﬁts the area covered by the I − V
curve. It is an indicator of the junction quality and the degree of RS present in the
cell. It increases with increased Voc and decreases at higher RS . In real devices,
maximum power cannot be extracted by operating the solar cell in short or open
circuit conditions. When designing a solar cell, the ideal is to obtain a maximum
power value Pmax = ImaxVmax while ensuring that Imax and Vmax are as close to
the short circuit current and open circuit voltage as possible, the ratio of which is
expressed by the ﬁll factor [37, 38]:
FF =
ImaxVmax
IscVoc
(2.92)
• Eﬃciency: This is the ratio of the power generated by the cell to the power of the
incident light and expressed mathematically as:
η =
ImaxVmax
Pin
=
IscVocFF
Pin
=
IscVocFF
Area of the cell× incident solar illumination (2.93)
The eﬃciency of a solar cell can be improved by maximising Isc, Voc and FF. These
parameters are obtained under standard test conditions of AM 1.5 global spectrum
for terrestrial applications, a cell temperature of 25 ◦C, and an incident power density
of 1000Wm−2.
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2.7.2 Spectral Response/Quantum Efficiency
The spectral response (collection eﬃciency) of a solar cell is a measure of the photocurrent
collected at each wavelength relative to the number of photons incident on the cell surface
at that wavelength. At any given wavelength λ, the current responsivity RI,λ is given by:
Current Responsivity, RI,λ =
Jsc(λ)
Iλ
(2.94)
where Jsc(λ) is the total photogenerated short circuit current density at any given λ and
I(λ) is the spectral irradiance of the incident light.
The quantum eﬃciency (number of electron-hole pairs generated for each incident photon)
is given as:
η =
[
Ip
q
][
Popt
hν
]−1
(2.95)
where Ip is the photogenerated current from the absorption of incident optical power Popt
at a given λ (corresponding to a photon energy hν) [9].
From Equation (2.94) and Equation (2.95), it follows that
η =
Jsc(λ)
qNph
=
hc
qλ
RI,λ (2.96)
hence,
η × λ = 1.242× 10−6 RI,λ (2.97)
where η is the quantum eﬃciency, q retains its meaning, Nph is the incident photon
ﬂux, c is the speed of light hence it can be inferred that the product of the external
quantum eﬃciency (EQE) and wavelength is proportional to the spectral response as
shown in Equation (2.97). This strong link of spectral response with wavelength explains
the dependence of cell performance on the spectral content of the incident radiation and
the “heterojunction window eﬀect” usually observed in heterojunction solar cell spectral
response/quantum eﬃciency curve. The internal quantum eﬃciency (IQE) is related to
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the (EQE) as:
IQE =
EQE
(1−R) (2.98)
where the (1-R) term accounts for reﬂection [8, 35, 39].
2.7.3 Loss Mechanisms in Solar Cells
The predicted theoretical eﬃciency of a given solar cell is hardly obtained in practice
because of the loss mechanisms inherent in real devices which arises mostly from nature of
material or design issues. These includes [40]:
• Photon losses: These include (i) thermalisation of hot carriers for hν > Eg in which
the excess energy is wasted as heat (ii) transmission losses for hν < Eg, there is no
e-h pair generation and also long wavelength photons are not usefully absorbed (iii)
reﬂection losses; some incident photons undergo reﬂection and are not absorbed (iv)
some photon absorption due to extrinsic process do not produce e-h pairs but also
results in heat generation.
• Carrier losses: These include (i) surface recombination (ii) bulk recombination (iii)
recombination at the junction (iv) collection eﬃciency loss arising from the fact that
not all the photoexcited carriers are utilised by the internal electric ﬁeld (vi) energy
loss due to thermalisation of carriers over the potential barrier i.e. for Eg > qVoc,
the energy consumed in free carrier generation (hν > Eg) is much greater than the
open-circuit voltage. All carrier loss processes results in heat generation in the cell.
• Power losses: These are due to the presence of series and parallel resistances in the
device. The resistances of the bulk p-type and n-type regions and associated with
the resistances of the electrical contacts to these regions [38, 40]. This is shown on
Figure 2.25(a)–(b). The short circuit current and ﬁll factor are mostly aﬀected by the
presence of a high series resistance (Rs). Ideally Rs should be zero but in practice, it
is typically < 1.3Ω cm2 for commercial cells. Series resistance generally depends on
the depth of the junction, the doping concentration of the p-type and n-type sides
as well as the front contacts [9]. The negative eﬀect of an increasing value of series
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Figure 2.25: The Eﬀects of Resistance on a Silicon Solar Cell (a) Series Resistance (b)
Shunt Resistance.
resistance can be seen in the I − V plot of a silicon cell shown in Figure 2.25(a).
The shunt resistance (Rsh) arises from the shunting or leakage paths between the
n- and p-type regions. Ideally, the value of Rsh should be inﬁnite but in practice
values of Rsh > 100 ohms are regarded as acceptable. Also the inﬂuence of shunt
resistance on the open circuit voltage as shown in Figure 2.25(b) clearly illustrate
the adverse eﬀect on the device. Power losses result in heat generation in the solar
cell device [41]. In general, careful material control and cell design can help minimise
some of the aforementioned losses substantially.
2.8 Heterojunction Material Requirements
The fundamental requirements for a material to function either as an absorber or window
layers for a heterojunction device are many and varied. This is because material properties
depends on a lot of parameters ranging from atomic to bulk scale. For instance, an attempt
to characterise a semiconductor fully will require some extensive knowledge of the material,
optical and electrical properties which in turn depends on some understanding of other
parameters which to mention but a few include:
• Band structure and the nature of bonds holding the atoms together.
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• Chemical composition of the pure crystal which will give information on the intrinsic
properties (Eg and eﬀective masses of the carriers).
• Native lattice defects (vacancy, interstitials, complexes and dislocations) which
introduce energy states within the band gap of the material and some perturbations
thereby modifying the intrinsic properties.
• Extrinsic properties (doping) usually done intentionally or unintentionally and has the
eﬀect of substantial modiﬁcation of the intrinsic material property such as bandgap
narrowing, band tailing, deformation potential and compressional strain.
• Structural dimensions which arises when the dimension are comparable to de Broglie
wavelength of the charge carriers such that quantum size eﬀects dominates.
2.8.1 Absorber Layer Requirements
The fundamental requirements for a material to function as an absorber layer include but
are not limited to:
• Bandgap – The material should have a bandgap near to 1.5 eV to ensure maximium
absorption of the solar radiation since this is close to the optimum for photovoltaic
solar energy conversion. Direct energy bandgap materials are preferred because
carriers are generated close to the junction and hence layers of a few microns (< 3µm)
can be used to make devices. This will lead to a reduction in the overall cost.
• Optical absorption coeﬃcients – The optical absorption coeﬃcient, α should be
> 104cm−1 as this will make for a thin absorber layer (as photons are absorbed close
to the junction interface) resulting in reduced material requirement.
• Conductivity type – The absorber layer should be p-type because the minority
diﬀusion length of electrons in a p-type semiconductor is much larger than that of
holes in an n-type semiconductor.
• Diﬀusion voltage –This should be as large as possible to ensure maximum Voc which
is proportional to the diﬀusion voltage.
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• Electrical contacts – The external contacts to the absorber layer must be Ohmic so
that device performance will not be aﬀected.
• Grain boundaries – These are regions of increased recombination due to structural
defects and/or segregated impurities. They impede carrier transport by charge
trapping to form potential barriers or as sites for carrier recombination. This could
be minimised by ensuring that the absorber layers are polycrystalline material with
large columnar grains.
• Material resistivity – A good absorber layer should have low resistivity so as to avoid
excessive power drop. This is achieved by doping the layers with suitable materials.
• Film thickness – The absorber layer thickness must be large enough to absorb most
of the incident radiation, usually at least twice the optical absorption length,
1
α
i.e
2
α
[38]. Also the absorber layer thickness should be large enough to provide
substantial grain size which must be several times the average optical absorption
length for solar photons in order to reduce loss of photogenerated carriers [42]. It has
been established that eﬃciency of polycrystalline solar cells is enhanced for higher
grain sizes [43].
2.8.2 Window Layer Requirements
The general requirements for a material to be used as a window layer include:
• Bandgap –Mostly materials with an energy bandgap ≥ 2 eV are preferred as this will
allow most of the incident sunlight to be transmitted to the absorber layer.
• Material resistivity – Despite being a large energy bandgap material a low value of
window layer resistivity (low series resistance) is required to minimise power loss.
• Crystallite size – Grain size has a strong correlation with solar cell eﬃciency [43]. A
good window layer should consist of large crystallites with good crystallinity as this
will make for a near defect free junction such that the density of short circuit paths
will be substantially reduced.
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• Thermal expansion mismatch – Window layers should be chosen in a way to ensure
a matching of the thermal expansion coeﬃcient to that of the absorber layer. This is
important because of the high temperatures at which most junctions are formed.
• Electron aﬃnities – The window layer should be chosen such that the absence of a
potential spike with the absorber layer is ensured at the junction. This is because
the presence of band (conduction or valence) spikes will impede the transport of
photogenerated carriers thereby reducing device performance.
• Lattice mismatch – The window layer should be chosen in a way that ensures very
little mismatch of lattice constants to that of the absorber partner. Low lattice
mismatch reduces interface state thereby minimising loss of photogenerated carriers
that could have arisen due to recombination eﬀects. The degree of lattice mismatch
can be deduced from [44] as:
Lattice mismatch =
2(λ1 − λ2)
λ1 + λ2
(2.99)
where λ1 and λ2 are the lattice constants of the two semiconductors.
2.9 Thin Film Solar Cell Configurations
Thin ﬁlm solar cell are made using either the superstrate or substrate conﬁgurations. With
the superstrate conﬁguration the glass substrate serves as the supporting structure, and
the window for the illumination, since light is shone on the solar cell through the glass
substrate. A schematic diagram of a typical superstrate conﬁguration device for a SnS/CdS
solar cell is shown in Figure 2.26. In a substrate conﬁguration device the light enters
through the front contact. For this type of conﬁguration, the choice of a suitable metal
or semiconductor surface is critical since this layer must form an Ohmic contact with
the p-type layer. Figure 2.27 gives a schematic diagram of a typical SnS/CdS substrate
conﬁguration solar cell. This conﬁguration oﬀers ﬂexibility in that recrystallisation of the
absorber layer is possible. Both conﬁgurations are employed in the advanced thin ﬁlm
solar cells based on the use of CdTe and CIGS absorber layers.
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Figure 2.26: Superstrate Conﬁguration of SnS/CdS Thin Film Solar Cell.
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Figure 2.27: Substrate Conﬁguration of SnS/CdS Thin Film Solar Cell.
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Chapter 3
Literature Review
3.1 Tin sulphide: Historical Perspective
Tin sulﬁde, SnS belongs to IV-VI group of compound semiconductors. Other phases of
SnxSy include SnS2, Sn2S3, Sn3S4 and Sn4S5 with SnS, SnS2 and Sn2S3 the most stable
phases [1–3]. The origin of SnS (herzenbergite) can be traced to the Latvian–German
chemist, Prof. Robert Herzenberg who discovered it in 1934 in the Maria-Teresa mine near
Huari, between Oruro and Uyuni, Bolivia [4, 5]. The synthesis of single crystals of SnS by
reacting stoichiometric tin and sulphur over a temperature range of 600 ◦C - 750 ◦C was
also reported by Herzenberg. The crystallographic properties of SnS are: crystal structure
– orthorhombic, lattice parameters: a = 4.32Å, b = 11.19Å, c = 3.97Å, Ratio of lattice
constants: a:b:c = 0.386 : 1 : 0.355, unit cell volume: V = 191.91Å (calculated from
unit cell) [5–7]. SnS dimensions belongs to the orthorhombic space group Pbnm where six
sulphur atoms surround each tin atom with three short Sn-S bonds within the layer and
three long bonds connecting two neighbouring SnS layers. The electrical conductivity of
SnS is found to be predominantly p-type [8].
3.2 Chronology of Single Crystalline SnS Studies
Pioneering work on SnS was mostly done on single crystal SnS.
• Anderson and Morton [9–11] used the Bridgemann technique to grow the layers of
SnS. They established that the conductivity of SnS between room temperature and
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400 ◦C varies as:
σ(T ) = A1e−E1/2kT +A2e−E2/2kT (3.1)
and this variation could be correlated directly with small changes in stoichiometric
composition brought about by chemical treatments. They also studied the eﬀects of
hydrogen, oxygen and hydrogen sulphide treatments on the grown layers and observed
a decrease in conductivity for samples treated in hydrogen ambient at temperatures
below those at which a reduction to tin can occur. However exposure to oxygen or
hydrogen sulphide restores the conductivity of the samples. They attributed the
changes in the conductivity to the stoichiometric excess of non-metal in the lattice.
Anderson and Ridge [12] noted that the melting point of SnS is 870 ◦C while Clark
and Anderson [13] reported on the conducting properties of the layers.
• Braithwaite [14] reported on the infrared photoconductivity of SnS and observed that
signals were detected at a wavelength threshold of 0.9 µm.
• Gorbrecht and Barschat [15] worked on the infrared, transmission, photoconductivity
and rectifying properties of layers of SnS, and determined an energy bandgap of
1.25 eV.
• Albers and Haas [8] studied the electrical and optical properties of SnS crystals grown
by melting the constituent elements in a quartz tube at 900 ◦C. They determined
that the layers were p-conductivity type with a hole concentration of 1017 – 1018 cm−3
and hole mobility of 65 cm2/V s at 25 ◦C. The conductivity along the c-axis of the
crystals was found to be six times smaller than in the perpendicular direction. They
determined an energy bandgap of (1.07± 0.04) eV and they observed that the melting
point of SnS is (880± 5) ◦C.
• Haas and Corbey [16] reported on the optical constants: refractive index, dielectric
constants, and also on the eﬀective charge and masses. They also analysed the
infrared reﬂection spectrum of p-conductivity type SnS crystals from 2µm to 25 µm,
and explained the observed dispersion on the basis of the free holes and vibrations in
the lattice structure of the crystals.
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• Albers et al. [17] presented an extensive report on the equilibrium between the solid,
liquid and gaseous phases of SnS. The most signiﬁcant ﬁndings of the work are that
there are two compounds (SnS and SnS2) which melt congruently, that the melting
point of tin sulphide in a neutral atmosphere is (1153± 5)K, the boiling point at
normal air pressure is 1503K and the maximum melting point of SnS to be at sulphur
pressure of 3.34× 103 Pa while for SnS2(1143K) is at sulphur pressure of 4× 106 Pa
respectively. Figure 3.1 gives the phase diagram as presented by [17]. Albers also
reported on the variation of hole mobility with temperature [18].
• Hans Rau [19] reported on the high temperature equilibrium of atomic disorder in
SnS and also observed that the layers are p-conductivity type.
• Feiziev et al. [20] studied the heat capacity(Cp), thermal diﬀusivity(κ) and the thermal
conductivity(λ) of SnS and determined that Cp ∝ T3 where T is the temperature.
• Lambros et al. [21] presented work on the optical absorption edge in SnS grown
by melting stoichiometric amounts of the compounds in an evacuated quartz tube
and obtained an indirect energy bandgap in the range 1.095 eV to 1.142 eV and the
refractive index between 3.6–4.6.
• Goswami and Mitra [22] reported extensively on the optical constants (refractive
index, extinction coeﬃcient, optical absorption coeﬃcient) of SnS and its variation
with ﬁlm thickness, wavelength and photon energy for vacuum deposited SnS ﬁlms.
They obtained an energy bandgap of 1.6 eV.
• Chamberlain et al. [23] used far-infrared reﬂectivity measurements to investigate SnS
single crystals grown by the Bridgeman technique. They used polarised radiation in
the frequency range 50 cm−1 to 350 cm−1 and found the lattice constants to be: a =
3.99 Å, b = 4.34 Å and c = 11.20 Å. They observed n- and p-type conductivity with
carrier concentrations in the range 1017 – 1018 cm−3.
• Chamberlain and Merdan [24] obtained an indirect energy gap of 1.13 ± 0.02 eV
and 1.22 ± 0.02 eV at 77K and a direct energy gap of 1.43 ± 0.02 eV. The layers
show a p-conductivity type with a carrier concentration NA-ND ≈ 1017 – 1018 cm−3.
65
Figure 3.1: Phase Diagram of the SnS System.
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Hughes et al. [25] also obtained a p-conductivity type with a carrier concentration of
1018 cm−3.
• Nikolic [26] and Chandrasekhar [27] reported on the Raman modes of SnS grown using
the Bridgeman technique. Nikolic and Todorović [28] also used the same technique
to grow SnS layers, measured the photo-acoustic response and transmission spectra,
and obtained an energy bandgap in the range 0.95 eV to 1.15 eV and a free carrier
concentration of 7.5× 1018 cm−3. The ﬁrst research group to fabricate n-p junction
photovoltaic detectors with the p-type single crystal SnS using Sb+ ion implantation
was Trbojevic et al. [29]. They studied the current-voltage and capacitance-voltage
characteristics and obtained a peak quantum eﬃciency of 44%.
• Chattopadhyay et al. [30] used elastic neutron scattering to study crystal structure
of SnS in the temperature range 293K to 1000K. They observed that SnS undergoes
a second order phase transition from α-phase to the high temperature β-phase at
887K. Chattopadhyay et al. [31] also studied the structural phase transitions in SnS
using neutron diﬀraction in the temperature range 295K to 1000K and also observed
second order phase transition from α-phase to β-phase.
• Parenteau and Carlone [32] studied the inﬂuence of temperature and pressure on the
electronic transitions in SnS and SnSe semiconductors. They obtained a direct and
an indirect energy bandgap of 1.296 eV and 1.047 eV respectively for SnS.
• Elkorashy [33] used the Bridgman technique to grow SnS crystals and noted that the
samples exhibit p-conductivity type with a hole concentration of 1018 cm−3.
Other authors include Wiedeimeir and Hans Georg von Schnering [34] reported on the
“Reﬁnement of the structures of GeS, GeSe, SnS and SnSe”, Wiedeimeir and Csillag [35] on
the “thermal expansion and high temperature transformation of SnS and SnSe”, Wiedeimeir
and Csillag [36] on “equilibrium sublimation and thermodynamic properties of SnS” and
Schnering and Wiedeimeir [37] on “the high temperature structure of β-SnS and β-SnSe”.
These authors all observed the orthorhombic structure for SnS. These earlier works have
served as a gateway to the current investigation of SnS which is largely dominated by
polycrystalline layers.
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3.3 Thin Film Deposition Techniques
Thin ﬁlm deposition techniques can be broadly categorised into physical deposition and
chemical deposition methods. Physical deposition includes physical vapour deposition
(PVD) techniques such as thermal evaporation, electron beam evaporation, sputtering,
closed space vapour transport (CSVT), atomic layer deposition (ALD), brush plating, hot
wall deposition (HWD), pulsed laser deposition and molecular beam epitaxy (MBE). A
typical schematic diagram of a process ﬂow of physical vapour deposition is shown on
Figure 3.2.
solid/liquid
gaseous phase
solid phase
evaporation
transport and 
deposition
process 
direction
Figure 3.2: Schematic of a PVD Process Flow.
Chemical deposition includes chemical bath deposition (CBD), chemical spray pyrolysis
(CSP), successive ionic layer adsorption and reaction (SILAR), chemical vapour deposition
(CVD), metal organic chemical vapour deposition (MOCVD), plasma enhanced chemical
vapour deposition (PECVD), spin coating, dip technique and the solution dispersion
method.
3.3.1 Physical Deposition
3.3.1.1 Conventional Thermal Evaporation Technique
The fundamental steps in vacuum evaporation are as shown on Figure 3.2 i.e.;
• Phase change from solid or liquid into a gaseous state.
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• Vapour material travels from the evaporation source to the substrate at a low gas
pressure.
• Vapour material condenses when it impinges on the substrate.
However, the general requirement for evaporation of any material is that it should be well
heated in order to attain the requisite vapour pressure [38] and then the evaporation rate
is governed by the Langmuir-Dushman equation [39]:
Ne =
3.513× 1022Pe√
MT
[molecules cm−2s−1] (3.2)
where Pe is the equilibrium vapour pressure of the evaporated material under saturated
vapour conditions at a temperature T, and M is the molecular weight of the material [39].
At suﬃciently high temperature under an appreciable vacuum, most solid materials undergo
sublimation. The rate of deposition of the vapour on the substrate largely depends on the
source geometry, the position of the source relative to the substrate, and condensation
coeﬃcient. Another important parameter in this process is the “impingement rate φ” of
the vapour atoms or molecules which is the number of vapour atoms or molecules that
strikes a unit area on the surface per unit time. The expression relating φ and the gas
pressure is [40]:
φ = 2.64× 1020
[ P√
MT
]
(3.3)
where M and T retain their meanings and P is the pressure in Pa.
Taking into account the scattering events due to interaction with residual gas molecules,
the mean free path mfp, is related to the gas pressure as [41]:
λ =
kT
Pπσ2
√
2
(3.4)
where λ is the mfp and σ refers to all molecules with the same diameter.
The typical values for the mean-free path at 25 ◦C for 1× 10−7Torr and 1× 10−9Torr are
5.1× 104 cm and 5.1× 106 cm respectively [39]. Equation (3.4) implies that λ is inversely
proportional to the gas pressure.
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Vaporisation of a compound can be achieved through dissociation, association or an
amalgam of the two processes. When the constituent elements have equal volatility, the
evaporation process is said to be congruent and if otherwise the evaporation is incon-
gruent [41]. Practically, only very few compounds evaporate congruently and hence the
composition of the vapour and that of the condensed material are not the same as the
source material. SnS is a typical example of this incongruent case and follows the pattern:
AB(s) = A(g) +
1
2 B2(g) (3.5)
The various degrees of vacuum according to their pressure ranges as contained in [41] are
shown in Table 3.1.
Vacuum Pressure (Torr)
Low vacuum 760Torr to 25Torr
Medium vacuum 25Torr to 10−3Torr
High vacuum 10−3Torr to 10−6Torr
Very high vacuum 10−6Torr to 10−9Torr
Ultra high vacuum Below 10−9Torr
Table 3.1: Vacuum and Pressure Range.
The merits of employing a vacuum system in thermal evaporation also lies in the fact that
since the solid melts at lower temperature in vacuum, the chance of oxide formation is
drastically reduced, thus reducing impurities to the barest minimum. Also by virtue of
Equation (3.4), the mfp of the vapour atom will be considerably larger at low pressure and
this can consequently lead to the formation of ﬁlms of good uniformity and thickness.
The ﬁrst attempt to fabricate n-CdS/p-SnS based heterojunction solar cell using the
thermal evaporation technique was in 1994 by Hidenori Noguchi and co-workers [42]. They
used a substrate temperature in the range 150 ◦C to 350 ◦C and observed a change in
the most prominent peak from (111) to (040) with an increase of substrate temperature.
They also obtained a direct energy bandgap of 1.48 eV. They attributed (the wider energy
bandgap than expected) to the presence of Sn2S3 and SnS2 in the ﬁlms. They also observed
p-type electrical conductivity in the SnS ﬁlms with a resistivity of 13Ω cm to 20Ω cm, a
carrier density of 6.3× 1014 cm−3 to 1.2× 1015 cm−3 and a Hall mobility of 400 cm2V−1 s−1
to 500 cm2V−1 s−1. They reported a solar conversion eﬃciency of 0.29% obtained under
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100mWcm−2 illumination. Other cell parameters are shown on Table 3.2. In the same
year Deraman et al. [43] reported on the electrical conductivity of thermally evaporated
thin ﬁlms of SnS. They deposited SnS ﬁlms using a substrate temperature range of 50 ◦C
to 300 ◦C and observed that the conductivity of the ﬁlms increased from 0.5 Sm−1 to 2.0
Sm−1 with an increase in substrate temperature from 50 ◦C to 250 ◦C. They also obtained
activation energies of 0.12 eV to 0.14 eV at temperatures above 220K to 250K for ﬁlms
deposited at 50 ◦C and 150 ◦C respectively. In another report, a post-deposition heat
treatment of the as-deposited layer of thickness of 7 nm in an argon environment for 36
hours yielded an optical absorption coeﬃcient of the order of 105 cm−1 for both cases [44].
Badachhape and Goswami [45] carried out an electron diﬀraction study of evaporated
ﬁlms of tin sulphide. The layers were polycrystalline in nature and they also observed a
structural transformation from orthorhombic to cubic between 250 ◦C to 425 ◦C.
Johnson et al. [46] worked on the optimisation of photoconductivity in SnS thin ﬁlms
grown by vacuum evaporation. They reported on the eﬀect of diﬀerent annealing environ-
ments, contacts, and ﬁlm thicknesses on the photconductivity of the grown ﬁlms. They
also observed a conversion of SnS to SnO2 at higher annealing temperatures. El-Nahass et
al. [47] reported on the optical properties of thermally evaporated amorphous SnS thin
ﬁlms. They observed that the energy band gap varied from 1.4 eV to 2.18 eV. This was
interpreted as due to the presence of other phases of tin sulphide e.g. SnS2. A structural
transformation after annealing resulted in a change of the energy bandgap from 1.38 eV
to 2.33 eV for the crystalline layers. The variation of the optical constants; i.e. refractive
index, extinction coeﬃcient, the optical absorption coeﬃcient and the dispersion properties
with the annealing parameters were also presented.
Abou Shama and Zeyada [48] reported on the electronic dielectric constants of thermally
evaporated SnS layers deposited using substrate temperature in the range 300K to 423K
using the thermal evaporation technique. They reported a dispersion energy of 6.67 eV
to 20.28 eV for the amorphous and thermally treated ﬁlms respectively and obtained an
indirect forbidden and a direct allowed transition with an energy gap of 1.4 eV and 2.18 eV
in the former, and 1.38 eV and 2.33 eV in the latter.
Devika et al. [49] reported the formation of a low resistivity single phase SnS when
thermally evaporated using a substrate temperature of 275 ◦C. They also reported a direct
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energy bandgap of 1.35 eV with an optical absorption coeﬃcient of 105 cm−1. Other reports
from the same group include an investigation of the eﬀect of substrate surface on the
physical properties [50], annealing eﬀects on the physical properties [51] and substrate
temperature eﬀects on the surface structure and electrical resistivity of thermally evaporated
layers [52]. Devika and co-workers [53] also used the rapid thermal processing technique and
noticed that ﬁlms treated at 400 ◦C for 1 min in N2 atmosphere exhibited a low electrical
resistivity of 5Ω cm with a high Hall mobility and carrier density of 99 cm2V−1 s−1 and
1.3× 1016 cm−3 respectively. Qiu et al. [54] deposited SnS thin ﬁlms using the vacuum
evaporation method. They observed that the ﬁlms were stoichiometric with a strong
(111) preferred orientation, and a grain size between 0.2µm to 0.3µm. They obtained a
direct energy band gap of 1.35 eV with an optical absorption coeﬃcient of 105 cm−1, a
p-conductivity type with a resistivity of 2.4× 102Ω cm. They also fabricated a p-SnS/n-Si
heterojunction device that yielded a ﬁll factor of 0.51 and a solar conversion eﬃciency of
0.71%.
Biswajit Ghosh et al. [55] reported on the fabrication of vacuum evaporated SnS/CdS
heterojunctions with a photoconversion eﬃciency of 0.08% under 100Wm−2. Other cell
parameters are contained in Table 3.2. They did a post-deposition heat operation after a
CdCl2 treatment and this enhanced the photovoltaic parameters. However they observed a
large series resistance which they noted as the cause of the low conversion eﬃciency. Other
reports by these authors are given in [56, 57].
Ogah et al. [58, 59] reported on the structural, optical, electrical and air annealing of
thermally evaporated layers of SnS. They also reported on the properties of n-CdS/p-SnS
based heterojunction solar cell. Yuying et al. [60] worked on the eﬀect of diﬀerent annealing
environments on the properties of thermally evaporated SnS thin ﬁlms. The dopant sources
were Sb, Sb2O3, Se, Te, In, In2O3, Se and In2O3. They observed that the resistivity of the
Sb-doped layers are reduced by four orders of magnitude while the value of Gphoto/Gdark
is double that of the as-deposited layers. Cheng et al. [61, 62] also used the thermal
evaporation technique and reported mostly on the variation of some physical, structural
and optical properties of the deposited layers.
Using the thermal evaporation technique, Reddy [63] and Reddy et al. [64, 65] have
reported on the inﬂuence of growth temperature, and on the impact of chemical treatment
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on the properties of the deposited layer. They observed that the chemical composition
of the SnS ﬁlms changed gradually from sulphur-rich to tin-rich with the increase of
growth-temperature, a change of orientation from <111> to <040> direction with an
increase of growth temperatures from 275 ◦C to 350 ◦C and that Raman studies conﬁrmed
the ﬁlms to be single phase. The authors showed that the optical bandgap was direct and
decreased with an increase of growth temperature while the electrical resistivity decreased
from 335Ω cm to 97Ω cm between growth temperatures of 275 ◦C to 350 ◦C. The authors
also showed that the ﬁlms treated with chloroform exhibited a low electrical resistivity of
5Ω cm [65].
Schneikart et al. [66] used the thermal evaporation technique to fabricate a CdS/SnS
solar cell in the superstrate conﬁguration. They obtained a solar conversion eﬃciency of
1.6%, a short circuit current density of 19mAcm−2 and an open circuit voltage of 217
mV. They also reported on the band alignments of the CdS/SnS junction and noted that
Fermi level pinning in SnS may be responsible for the inadequate energy band alignments
observed in their work. Selim et al. [67] reported on the eﬀect of ﬁlm thickness on the
structure and optical properties of thermally evaporated SnS ﬁlms. They observed that the
crystallinity of the ﬁlms improved with an increase of ﬁlm thickness. The energy bandgap
decreased from 1.68 eV to 1.36 eV with an increase of ﬁlm thickness from 152 nm to 585 nm
and the optical absorption coeﬃcient was of the order of 104 cm−1. The refractive index of
the ﬁlms was found to increase with increasing ﬁlm thicknesses.
Wu and co-workers [68] worked on the inﬂuence of heat treatment on the microstruture of
SnS/ZnS ﬁlms prepared by vacuum evaporation. They observed a strong (111) diﬀraction
peak from XRD studies and an average grain size of 50 nm from SEM analysis. They
annealed the ﬁlms between 300 ◦C to 500 ◦C in a N2 atmosphere and observed an increase
in the grain size, and change in the electrical properties of the layers due to annealing
eﬀects.
Jakhar et al. [69] deposited thin ﬁlms of tin sulphide with the thermal evaporation
technique. Using a constant deposition rate of 2.7Å/s, they obtained ﬁlms that were
uniform and dark in colour, with ﬁlm thicknesses of 270, 480, 600, 630 and 900 nm
respectively. They observed that annealing at 373K to 473K for 30 min under vacuum
of 10−3 Torr did not change the colour of the ﬁlms but increased the grain size and
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the refractive index and thus attributed the increasing trend of refractive index to the
improvement in crystal ordering due to an increase in the grain size.
3.3.1.2 Other Evaporation Methods
Cifuentes et al. [70] used the co-evaporation of the elements to deposit SnS layers. They
used substrate temperature in the range 200 ◦C to 400 ◦C and investigated the formation
of SnS and SnS2 ﬁlms with energy band gaps of 1.3 eV and 1.6 eV respectively. They also
observed a decrease of optical transmittance with increasing ﬁlm thickness as indicated in
Table 3.4 and Table 3.5. Reddy et al. [71] also reported on the synthesis and characterisation
of co-evaporated SnS thin ﬁlms. They observed single-phase SnS ﬁlms that showed the
orthorhombic crystal structure and a strong (040) orientation and had grain size of 0.12 µm.
The authors noted that the ﬁlms exhibited a direct energy band gap of 1.37 eV and had a
high optical absorption coeﬃcient (> 104 cm−1), an electrical resistivity of 6.1Ω cm with
an activation energy of 0.26 eV.
Tanuševski and Poelman [72] reported on SnS layers using the electron beam evaporation
technique and observed an indirect optical bandgap of 1.23 eV and direct energy bandgap
of 1.38 eV. They also reported on the photoconductivity and activation energy of the layers.
Henry et al. [73] also reported on the eﬀect of annealing temperature on the structural and
optical properties of SnS ﬁlms grown by electron beam evaporation. They used annealing
temperatures in the range 100 ◦C to 300 ◦C and observed that the energy bandgap values
decreased from 1.77 eV to 1.57 eV due to the heat treatments.
Using hot-wall deposition technique, Bashkirov et al. [74] reported the fabrication of a
Mo/p-SnS/n-CdS/ZnO heterojunction solar cell. The thickness of the SnS layer was varied
from 1.5µm to 5.5µm while that of the CdS buﬀer layer was 500 nm. The best cells were
obtained with SnS ﬁlms deposited at a substrate temperature of 350 ◦C and a thickness of
5µm. Leith-C conductive glue was used as the contact to the ZnO layer. They obtained a
solar conversion eﬃciency of 0.5%. Other cell parameters are contained in Table 3.2.
Hedge et al. [75] deposited SnS ﬁlms by physical vapour deposition technique. They
reported on the structural, optical and electrical properties and observed that the Sn-to-S
atomic ratio was 1.02 from EDS studies, that the layers had an orthorhombic structure
with (040) orientation from XRD analysis and the optical measurements revealed an
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indirect optical band gap of 1.06 eV and direct energy band gap of 1.21 eV. They also
observed a p-conductivity type and obtained an electrical resistivity of 120.35Ω cm, a
carrier concentration of 1.52× 1015 cm−3, a Hall coeﬃcient of 4108.9 cm3C−1 and a carrier
mobility of 34.14 cm2/V s.
3.3.1.3 Sputtering
Sputtering is the kinetic ejection of vapour species from the surface of a material known as
the target or cathode by bombardment with energetic and non-reactive ions [76, 77]. A
ﬁlm is formed when these ejected atoms condenses on the substrate surface. A common
method of sputtering is the glow discharge sputtering which uses a direct current electric
ﬁeld. In this case the sample is placed on the anode and with the application of an electric
potential of a few kV, the ejected ions are accelerated from the cathode thereby condensing
on the surface of the substrate. Magnetron sputtering is one method which employs radio
frequencies in the sputtering process. This allows non-metallic target materials to be used.
The eﬃciency of ionisation is enhanced by the presence of magnets in the conﬁguration.
Figure 3.3 gives a schematic block diagram of a sputtering system.
Guang-Pu et al. [78] were the ﬁrst to report on RF sputtered SnS thin ﬁlms. They
deposited amorphous and crystalline layers whose structural properties varied with the
sputtering conditions. They obtained a direct energy bandgap of 1.46 eV and a type
conversion of the p-type layers to n-type layers by incorporating an antimony dopant and
annealing at a temperature range of 350 ◦C to 450 ◦C. The electrical resistivity also reduced
from 20Ω cm to 2Ω cm.
Hartman et al. [79] showed that the resistivity, stoichiometry, phase, grain size and shape,
bandgap, and optical absorption coeﬃcient can be varied by the modifying argon pressure
for a ﬁxed deposition time for RF sputtered SnS layers. They reported indirect band gaps
ranging from 1.08 eV to 1.18 eV. Stadler et al. [80] worked on RF sputtered SnS layers and
analysed them with respect to space–time dependencies of the sputtering process.
Banai et al. [81, 82] deposited SnS thin ﬁlms by RF magnetron sputtering and noticed
that the ﬁlms are stoichiometric and exhibits the herzenbergite phase. They obtained an
indirect energy bandgap in the range 1.2 eV to 1.3 eV, forbidden gap in the range 1.3 eV to
1.34 eV and direct energy bandgap in the range 1.47 eV to 1.55 eV, and an optical absorption
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coeﬃcient in the range 105 cm−1 to 106 cm−1.
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Figure 3.3: Schematic Diagram of a RF Sputtering System.
3.3.1.4 Sulphurisation (2-step Process)
This is a two-stage process that involves depositing the “Sn” precursors on the substrate
using thermal evaporation or sputtering then followed by annealing in the presence of
elemental sulphur to form SnS thin ﬁlms. Ramakrishna Reddy et al. [83, 84] were the ﬁrst
workers to use this technique to deposit high quality single phase SnS layers. Ramakrishna
Reddy et al. [85] also reported on the energy band discontinuities in SnS/ZnMgO thin ﬁlm
heterojunction devices. Zaret and co-workers [86] used the two-step process and obtained
single phase SnS ﬁlms of orthorhombic structure that had the (040) preferred orientation
for ﬁlms formed at temperatures between 250 ◦C to 350 ◦C. They obtained a direct energy
bandgap in the range 1.15 eV to 1.24 eV and an optical absorption coeﬃcient greater than
104 cm−1, and the SnS ﬁlms were of p-conductivity type with electrical resistivity in the
range 40Ω cm to 200Ω cm. Cheng at al. [87] in their study, observed that SnS ﬁlms that
exhibited near stoichiometric composition, showed (111) preferred orientation, and had
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the orthorhombic crystal structure can be obtained for sulphurisation temperatures in the
range 573K to 673K. They observed a p-type electrical conductivity and a resistivity of
the order of 102Ω cm.
Jiang et al. [88] deposited SnS layers using the 2-step process and observed that the
layers had the orthorhombic structure and a (040) preferential growth that increased with
an increase of sulphurisation time. They obtained a direct energy bandgap of 1.3 eV and
an optical absorption coeﬃcient > 104 cm−1, a p-conductivity type and a decrease of the
photo and dark resistivities of the layers with diﬀerent sulphurisation time. Jiang et al. [89]
also used the 2-step process to fabricate a SnS/α-Si heterojunction solar cell. They found a
direct energy bandgap of 1.35 eV and observed that the junction exhibits a typical rectifying
diode behaviour in the dark with a diode factor of 2.34 while under illumination the open
circuit voltage was 289 mV and the short circuit current density was 1.55mAcm−2.
Sugiyama and co-workers [90] used the 2-step process to deposit SnS layers to fabricate
CdS/SnS and SnS/SnO2 heterojunction devices. They obtained a valence band oﬀset of
1.5 eV for CdS/SnS and 3.5 eV for SnS/SnO2 interface and a conduction band discontinuity
of 0.4 eV and 1.0 eV for the CdS/SnS and SnS/SnO2 junctions respectively. Botero et
al. [91] used the sulphurisation method and observed predominantly SnS phase with an
orthorhombic structure, a direct energy bandgap of 1.3 eV, an optical absorption coeﬃcient
greater than 104 cm−1, and that the layers were p-conductivity type. They also observed
similar properties with a direct energy bandgap of 1.37 eV in a separate report [92].
Leach et al. [93] and Hirano et al. [94] also used the sulphurisation method and both groups
observed a (111) preferred orientation in the layers. Qiang et al. [95] deposited SnS layers
with the 2-stage process and obtained ﬁlms that were uniform and had an orthorhombic
structure, a (040) preferred orientation, a direct energy band gap of 1.23 eV, a high optical
absorption coeﬃcient of 5× 104 cm−1 and showed a persistent photoconductivity eﬀect.
3.3.1.5 Molecular Beam Epitaxy
Pioneering work on the use of molecular beam epitaxy to deposit SnS is by Cho and
co-workers [96]. Molecular beam epitaxy occurs when the condensation of a directed
beam of atoms or molecules onto a crystalline surface resulted in epitaxial growth under
ultra-high vacuum (≥ 10−8Pa) conditions [97]. MBE is largely controlled by surface-kinetic
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processes under non-equilibrium conditions.
Nozaki et al. [98] reported on the variation of lattice parameters of SnS thin ﬁlms grown
by MBE method. They obtained a direct energy bandgap in the range 1.7 eV to 2 eV and
indirect energy bandgap between 1.06 eV to 1.09 eV. Wang et al. [99–104] also reported on
SnS thin ﬁlms deposited by MBE method and obtained a direct energy bandgap of 1.25 eV
and an optical absorption coeﬃcient of 104 cm−1.
3.3.1.6 Closed Space Vapour Transport
Closed space vapour transport method is a low cost technique and the set-up can easily be
assembled locally. The earliest work that utilised closed space vapour transport for SnS
thin ﬁlms can be traced to the works of Yanuar et al. [105, 106]. These authors reported
a direct energy bandgap of 1.32 eV, an optical absorption coeﬃcient of 104 cm−1, p-type
conductivity layers with a hole concentration of 1017 cm−3, a resistivity of 14.5Ω cm and a
hole mobility of 3.8 cm2/V s.
Other physical deposition methods used to deposit SnS by various authors are; brush
plating by Jayachandran et al. [107], atomic layer deposition by Kim et al. [108] and
Sinsermsuksakul et al. [109], pulsed layer deposition by Vidal et al. [110] and physical
vapour deposition by Hegde et al. [75]. SnS layers that showed a (111) preferred orientation
were observed by [107, 109], a (040) preferred orientation in [75], and an orthorhombic
structure with p-conductivity type layers in [75, 107, 109, 110].
3.3.2 Chemical Deposition
3.3.2.1 Chemical Bath Deposition
Chemical bath deposition is believed to have originated from the work of Gerhard Brückman
in 1933 [111], when he produced thin ﬁlms of lead sulphide from a solution of lead acetate,
thiourea and sodium hydroxide. The general principle of CBD involves the dissolution of a
soluble salt of the required metal in an aqueous solution to release cations while the anions
are generated from a suitable compound of the non-metallic element that can decompose in
the presence of hydroxide ions. The compound is then formed by the reaction of the anions
and cations. It is generally known that ﬁlm deposition on a substrate occurs in two steps;
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nucleation and particle growth. However nucleation and ﬁlm growth is achieved by any of,
combination of, or all of the processes of a simple ion-ion mechanism, a simple hydroxide
cluster mechanism, a complex ion-by-ion decomposition mechanism and a complex cluster
decomposition mechanism [112]. In growing the CdS layers used as a buﬀer layer, an
alkaline solution of a cadmium salt (in this case cadmium acetate) and a thiourea solution
are prepared and the ﬁlm growth takes place through ion-by-ion condensation of Cd2+ and
S2– ions on the substrate when Cd2+ and S2– ions exist over the solubility limit [113]. The
typical process reaction steps involving cadmium acetate are as follows:
(NH2)2CS + 2OH
− −−→ S2− +CN2H2 + 2H2O (3.6)
Cd(NH3)
2+
4 −−→ Cd2+ + 4NH3 (3.7)
Cd2+ + S2+ −−→ CdS (3.8)
The sulphide ions are released by the hydrolysis of thiourea. The Cd2+ ions form
tetraaminecadmium(II)complex ions by combining with NH3 in the pH range of 10–11 [114].
These Cd(NH3)
2+
4 complexes adsorb on the glass and a heterogenous nucleation and growth
then takes place through an ionic exchange reaction with S2– [115].
Chemically bath deposited SnS thin ﬁlms were ﬁrst reported by Pramanik et al. [116] using
a Sn2+ salt solution (SnCl2 · 2H2O), triethanolamine (TEA), ammonia and thioacetamide
as reagents. They indicated that the ﬁlms were amorphous with an optical energy bandgap
of 1.51 eV and n-type electrical conductivity and the ﬁlms were found to be photoconductive.
Nair and Nair [117] used the CBD method to grow SnS layers with thicknesses up to 1.2 µm.
They reported that the ﬁlms showed p-type dark conductivity in the range 10−5Ω−1 cm−1
to 10−4Ω−1 cm−1 and a photo-current to dark-current ratio of 5-10 under 500Wm−2
tungsten halogen illumination (for a ﬁlm thickness of ≈ 1µm). They also reported a
conversion of SnS to SnO2 [118–120]. Ristov et al. [121] deposited SnS ﬁlms of p-type
conductivity using aqueous solutions of SnCl2 and (NH4)2S and observed changes on the
conductivity and stoichiometry due to annealing. Annealing the layers above 280 ◦C for
a short duration changed the conductivity of the ﬁlms to n-type without altering the
stoichiometry of the SnS layers. However longer period of annealing changed the ﬁlms
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to SnS2 while oxidation of the ﬁlms by annealing in open air between 300
◦C to 400 ◦C
resulted in the emergence of SnO2. In a separate report, the authors also reported on the
photovoltaic properties of chemically deposited SnS layers [122].
Tanuševski [123] reported on the optical and photoelectric properties of SnS deposited by
the CBD method. He observed that the (111) preferred orientation increased with thermal
annealing. A direct energy bandgap of 1.38 eV was obtained for the layers independent
of the thermal treatment. Using chemical bath deposition, David Avellaneda and co-
workers reported on the fabrication of heterojunctions with the superstrate structure:
SnO2:F/CdS/SnS/CuS/silver print [124]. The SnS absorber layer was deposited using a
bath temperature between 293K to 303K with a thickness of 450 nm, CuS was deposited
using the same conditions with a thickness of 80 nm while the CdS was grown at 333K
with a thickness of 80 nm. The cell parameters are contained in Table 3.2. Sreedevi and
Ramakrishna Reddy [125], and Gopinath and Ramakrishna Reddy [126] used the CBD
technique to deposit SnS layers and obtained a direct energy bandgap in the range 1.30 eV
to 1.35 eV with a high optical absorption coeﬃcient (> 104 cm−1) in the former and energy
bandgap in the range 2.87 eV to 3.32 eV in the latter. They fabricated a SnS/In2S3/ZnO:Al
heterojunction solar cell that showed a solar conversion eﬃciency of 0.6% [126].
Other investigations [127–134] obtained SnS layers that showed zincblende and or-
thorhombic structures while only an orthorhombic structure was found in [112, 133, 135–
139].
3.3.2.2 Spray Pyrolysis
The ﬁrst spray pyrolysis process was probably that of Foex in 1944 [140]. However
Chamberlin and Skarman extended it to sulﬁde and selenide ﬁlms two decades later when
they used the technique to fabricate CdS/Cu2-xS heterojunction solar cells [141]. One
of the merits of this technique is that the equipment can easily be assembled and hence
diﬀerent spray pyrolysis set-ups can be found in the literature. Spray pyrolysis involves
spraying an aqueous solution containing soluble salts of the constituent atoms/vapour of
the required compound onto a substrate at very high temperatures, such that pyrolytic
(endothermic) decomposition is achieved, resulting in the formation of a single crystal or an
aggregate of crystallite of the required product. Hence the energy needed for the thermal
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decomposition and subsequent recombination of the constituent atoms/vapours followed
by sintering and recrystallisation of the aggregates of the crystallites to form a coherent
ﬁlm is provided by the thermal energy of the substrate [39]. A typical spray pyrolysis set
up is shown on Figure 3.4.
carrier gas solution
exhaust
substrate heater
substrate
x-y motion
control
h
e
a
ti
n
g
 c
o
il
s
Figure 3.4: Schematic Diagram of a Spray Pyrolysis System.
Reddy, Reddy and Miles [142] were the ﬁrst worker to report on a spray pyrolysed tin
sulphide heterojunction solar cell. The absorber layer thickness was 0.6 µm at 350 ◦C and
the optical energy band gap was found to be 1.32 eV. The layer had a resistivity of 30Ω cm
which reduced to 5Ω cm after annealing. The solar cell had a solar conversion eﬃciency of
1.3%. Other solar cell parameters are contained in Table 3.2.
Other research groups [143–149] have used spray pyrolysis to deposit SnS thin ﬁlms. These
authors all observed the presence of other phases of SnS such as SnS2 and Sn2S3. However
Jeyaprakash et al. [150] observed only the SnS phase with an orthorhombic structure and a
(111) preferred orientation. They noted that the intensity of the XRD peaks increased with
an increase of substrate temperature and attributed it to better crystallinity at the higher
growth temperatures. They obtained a direct energy bandgap of 1.35 eV at a substrate
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temperature of 300 ◦C. They observed that the energy bandgap decreased from 1.40 eV
to 1.30 eV with an increase of growth temperature and this was explained as due to lesser
grain size and quantum conﬁnement at the lower growth temperatures.
3.3.2.3 Successive Ionic Layer Adsorption and Reaction
This is a variant of the chemical bath deposition which requires immersing the substrates
alternately in cationic and anionic precursor solutions and rinsing between every two
consecutive immersions with deionised water to avoid homogeneous precipitation in the
solution. This ensures that only the tightly adsorbed layers are retained on the substrate.
SILAR method has been widely used in SnS thin ﬁlm deposition by Gao et al. [132, 151–153]
and Gosh et al. [154–156]. Ristov et al. [122] also used successive immersion in hot and
cold precursor solutions to obtain SnS ﬁlms with thicknesses up to 3 µm after 200–300
immersions. They also reported on the eﬀect of diﬀerent contacts on the photovoltaic
properties of the devices made using these layers.
3.3.2.4 Chemical Vapour Deposition
The CVD method dates back to that of Mellor [157]. This technique involves the exposure
of a substrate material to one or several compounds in the vapour phase, some or all of
which contain constituents of the desired material to be deposited. The exposure leads
to the initiation of a chemical reaction at or near the substrate surface resulting in the
condensation of the desired material on the substrate [39]. Chemical reactions in CVD can
also be initiated by heat, radio frequency, light or catalytic action and the reaction can be
broadly grouped into:
• polymerisation,
• transport reactions,
• decomposition reactions, and
• hydrogen or metal reduction of halogens.
Sinsermsuksakul et al. [158] reported an eﬃciency of 2.04% for a substrate conﬁguration
device with the structure; glass/Mo/SnS/Zn(O,S)/ZnO/ITO. The SnS was deposited using
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CVD process and the other layers using sputtering. The cell parameters are indicated in
Table 3.2. The report of Price et al. [159] showed it was possible to obtain single phase
SnS layers using the CVD technique. Other authors have reported on SnS thin ﬁlms grown
using the CVD method [160–164]. These authors observed similar peaks corresponding to
SnS from Raman studies [160–163] while layers that had an orthorhombic structure with
the (101) preferred orientation were also observed [161, 164].
3.3.2.5 Metal Organic Chemical Vapour Deposition (MOCVD)
Metal organic chemical vapour deposition is a branch of chemical vapour deposition in
which the starting materials are metallo-organic compounds. The gaseous mixture is then
passed over a heated substrate and this makes the precursor molecules pyrolyse, leaving
the atoms on the surface of the substrate where they undergo bonding to form a crystalline
layer [39, 165]. Park et al. [166, 167] reported on SnS thin ﬁlms deposited with the MOCVD
process. They worked in a temperature range of 300 ◦C to 400 ◦C and obtained ﬁlms that
had the orthorhombic structure with an average grain size of 50 nm. They observed XRD
peaks corresponding to PDF 01-984 with strong preferential orientation in the (013) plane.
The ﬁlms had an optical energy bandgap of 1.31 eV.
3.3.2.6 Plasma Enhanced Chemical Vapour Deposition (PECVD)
PECVD is CVD carried out in a “plasma”. The plasma is usually created by AC frequency
or DC discharge at pressures between mTorr and Torr range [39, 168]. Ortiz and co-workers
[169] deposited SnS thin ﬁlms with the PECVD method and observed that the layers
had the orthorhombic structure, an indirect energy bandgap of 1.16 eV, a p-conductivity
type and an activation energy of 0.3 eV. Sánchez-Juárez et al. [170] ﬁrst reported on
SnS-based heterojunction deposited by PECVD method. They used SnS2 as the buﬀer
layer and obtained an open circuit voltage of 0.35 V and a short circuit current density of
1.5mAcm−2. Cheng et al. [171, 172] also deposited SnS ﬁlms using the PECVD technique.
They obtained single phase layers conﬁrmed with Raman studies, a direct energy bandgap
of 1.5 eV and an optical absorption coeﬃcient greater than 104 cm−1.
Other chemical deposition techniques used by various authors to deposit SnS thin ﬁlms
include; a modiﬁed solution dispersion method by Zhao et al. [173], a dip technique by
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Ray et al. [174], a multi-layer based solid state reaction by Xu and Chen [175], a spin
coating by Liu et al. [176] and by a wet chemical route by Sohila et al. [177]. Most of these
research groups obtained SnS layers that had the orthorhombic structure with the (040)
preferred orientation [173–176] and a (111) preferred orientation [177].
3.3.3 Electrodeposition
Electrodeposition occurs when a substance is deposited on an electrode as the result of
electrolysis. The principle is based on Faraday’s laws of electrolysis [178] summed up as:
W =
IEt
F
(3.9)
where W is the mass of the substance deposited in grams, I is the current in amperes, E is
the electrochemical equivalent, t is the time in second and F is a constant equal to the
amount of charge needed to deposit the equivalent weight of any ion from a solution. This
constant is numerically equal to 96,500C (1 Faraday).
The electrodeposition of SnS can be obtained from an aqueous solution containing SnCl2,
Na2S2O3 · 5H2O. The reaction steps involved are [179]:
S2O
2−
3 −−→ S2− + SO2−3 (3.10)
The Sn2+ and S2– ions are reduced at the cathode to form SnS
Sn2+ + S2− + 2 e− −−→ SnS (3.11)
Electrodeposition is relatively inexpensive and can easily be scaled up for commercial
production.
Engelken and co-workers [180] used a chemical precipitation method (electroless deposi-
tion) employing an organic acid-H2O baths of SnCl2(0.1mol to 1.0mol) and S and Sn(II)
complexing agents (potassium gluconate or tartaric acid) to deposit ﬁlms (≥ 10 µm) of
gray-black Sn1-xS (Eg ∼ 1.0 eV to 1.3 eV), brown Sn2-xS3 (Eg ∼ 1.6 eV to 1.9 eV) and SnS2-x
(Eg ∼ 2.1 eV to 2.3 eV). They observed that ﬁlms containing less than 10% by volume of
water were mostly grey Sn1-xS with Eg ∼ 1.0 eV to 1.3 eV while ﬁlms grown without water
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were mostly brown SnS2-x with Eg ∼ 2.1 eV to 2.3 eV. Sharon and Basavaswaran [181]
were the ﬁrst to fabricate an electrodeposited SnS solar cell. However it should be noted
that in their solar cell the SnS layer was n-type conductivity with a bandgap of 1.29 eV.
They obtained a photoconversion eﬃciency of 0.63% and ﬁll factor of 0.44. Mishra et al.
[182] reported on the electrodeposition and characterisation of SnS thin ﬁlms. They used
a novel room-temperature electrodeposition technique and reported on the morphology,
composition and photoactivity of the SnS layers. Adachi et al. [183] worked on the elec-
trodeposition of SnS thin ﬁlms. The ﬁlm thickness was varied between 0.25 µm to 0.75 µm
and they noted that the ﬁlm growth depended on the stirring of the electrolyte solution.
The optical absorption coeﬃcient of the layers were found to be 105 cm−1.
Zainal et al. [184] reported on the cathodic electrodeposition of SnS, employing the
principle of co-depositing a higher valent metal and chalcogenide ions on metal or any
conducting substrate as shown;
Mn+ + ne− ←→ M0 (3.12)
S2O
2−
3 −−→ S0 + SO2−3 (3.13)
M0 + S0 ←→ MS (where M is the metal ion) (3.14)
Structural analysis of the ﬁlms revealed stoichiometric layers while optical studies indicated
an indirect bandgap in the range 0.9 eV to 1.1 eV. In a separate report [185], they used
EDTA (ethylenediaminetetraacetic acid) as a chelating agent in the bath and reported
better adhesion, improved crystallinity, better uniformity and more thorough surface
coverage in the ﬁlms. Strong photoactivity and p-conductivity type were observed in the
SnS layers. Ghazali et al. [186] also reported on the cathodic electrodeposition of SnS in
the presence of EDTA and observed herzenbergite SnS structure with an energy bandgap
of ≈ 1.1 eV.
Subramanian et al. [187] used electrodeposition method to deposit SnS layers and found
that the layers were stoichiometric and had the orthorhombic structure. Annealing was
found to signiﬁcantly increase the grain sizes of the ﬁlms. They also reported an eﬃciency
of 0.54% for a solar cell made using electrochemically deposited SnS layers. Other cell
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parameters are shown on Table 3.2.
Ichimura et al. [188] utilised a unique approach with electrochemical deposition of SnS
on In2O3 coated glass substrates using an aqueous bath of SnSO4[1mmol to 7.5mmol] and
Na2S2O3[100mmol] with the pH of the solution varied between 3 and 4 by the addition
of sulphuric acid. They reported on the structural and optical properties of the layers.
Structural analysis indicated that the SnS layers were tin rich and had the orthorhombic
crystal structure. The energy band gap of the ﬁlms was determined to be 1.3 eV. They
also noted that the composition of the ﬁlms was not crucially dependent on the deposition
conditions unless the deposition potential was more cathodic than −1.1V. For these
conditions the SnS ﬁlms were highly tin rich, with low transmittances.
Gunasekaran and Ichimura [189] used pulsed electrochemically deposited SnS and
photochemically deposited CdS and Cd1-xZnxS to fabricate heterojunction devices. They
obtained an open circuit voltage of 340mV, short circuit current of 2.36mAcm−2, ﬁll factor
of 0.35 and conversion eﬃciency of 0.22%. They noted that photovoltaic parameters were
better for the Cd1-xZnxS based cells and observed that for x = 0.13, the best cells were
obtained with an open circuit volatge of 288mV, short circuit current value of 9.16mAcm−2
and a solar conversion eﬃciency of 0.71%. Vequizo and Ichimura [190] fabricated an
electrodeposited SnS/SnO2 superstrate heterojunction device and obtained an open circuit
voltage in the range 40mV to 90mV, short circuit current density between 1.5mAcm−2
to 9.7mAcm−2 and a valence band oﬀset of 1.85 eV. Miyawaki and Ichimura [191] used
electrochemical deposition method to deposit SnS layers that were nearly stoichiometric,
showed p-conductivity type and photosensitivity. They fabricated a ZnS/SnS heterojunction
solar cell and obtained a short-circuit current density of 0.95µAcm−2 and an open-circuit
voltage of 135mV when illuminated by a Xenon lamp of 100mWcm−2.
Other investigations [192–198] observed that the stoichiometry of Sn:S ratio in the
ﬁlms varied with the deposition potential and that the layers all had the orthorhombic
crystal structure. Also a (021) preferred orientation was reported in [179, 199], a (111)
preferred orientation in [200–202], and single phase layers with a direct energy bandgap
of 1.37 eV [203], an indirect energy bandgap of 1.17 eV [204] and an optical absorption
coeﬃcient greater than 104 cm−1 in both cases.
The progressive trend of SnS based heterojunction devices, independent of the deposition
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technique is shown on Table 3.2.
3.3.4 Review of Theoretical Analysis of SnS and Selected
Characterisation Techniques
SnS is a novel material and hence not much has been done in investigating the intrinsic
and extrinsic properties using modern theoretical/simulation packages compared to other
advanced thin ﬁlms such as CdTe and CIGS. The ﬁrst attempt on this was probably that
of Ettema and co-workers using Ab-initio band-structure calculations [205]. They observed
that the charge distribution in the α (low temperature) and β (high temperature) phase
are relatively the same but the energy bandgap of the α phase was greater.
Martinez et al. [206] used ab-initio Hartree-Fock program CRYSTAL to investigate the
bulk and surface electronic structure of α-SnS. They reported similar charge distribution
with [205] but observed higher energy bandgap (4 eV) compared to their experimental
values (1.2 eV). The work of Nabi et al. [207] reported extensively on the electronic band
structure, density of states and some important optical constant. They utilised the local
density approximation (LDA) using the full potential linearised augmented plane wave
method (FP-LAPW) in their investigations and the results compared relatively well with
experiments. Vidal et al. [110] carried out total-energy defect and eﬀective mass calculations
by utilising projected augmented wave (PAW) implementation of the Vienna ab-initio
simulation package (VASP) code and obtained an indirect bandgap of 1.07 eV. They also
reported on the eﬀective mass and other parameters. To date there are few reports on
important characterisation techniques such as photoluminescence, Raman spectroscopy
and X-ray photoelectron spectroscopy. Table 3.3 gives a summary of the reports in the
literature of SnS for photoluminescence, Raman spectroscopy and band alignment studies.
3.3.5 Review of Transmittance of SnS Films
The strong link between the solar conversion eﬃciency and ﬁlm thickness has been earlier
indicated in subsection 2.8.1. Studies on SnS indicates that the transmittance strongly
depends on the ﬁlm thickness. At higher thickness, the transmittance is drastically reduced.
Table 3.4 and Table 3.5 gives a summary of the variation of ﬁlm thickness with the optical
transmittance based on the literature at the time of submission of this thesis.
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Technique Thickness (SnS) Band gap Voc Jsc/Isc Cell area FF Eﬃciency Ref
Thermal evaporation – 1.48 eV 120 mV 7 mA/cm2 – 0.35 0.29% [42]
Thermal evaporation 1 µm – 274 mV 301 µA – 0.40 0.08% [55]
CBD 0.5 µm 1.2 eV 370 mV 1.23mA/cm2 – 0.44 0.2% [208]
Spray pyrolysis 0.6 µm 1.3 eV 260 mV 9.6mA/cm2 0.3cm2 0.53 1.3% [142]
PECD – – 270 mV 2.36mA/cm2 1mm2 0.35 0.22% [189]
CBD 2− 3 µm – 230 mV 39 µA – – – [122]
Thermal evaporation 1 µm – 120 mV 39.91 µA 0.4cm2 0.33 0.003% [56]
PECD – 1.3 eV 110 mV 0.72mA/cm2 – 0.32 – [200]
Electrodeposition – – 60 mV 9.74mA/cm2 – – 10−2 − 10−1% [190]
PECVD 0.35 µm 1.255 eV 350 mV 1.5mA/cm2 – – – [170]
Low temperature organometallic syn-
thesis
– 1.52 eV/1.45 eV 200 mV 4.2mA/cm2 – 0.29 0.27% [209]
Sputtering – 1.35 eV 289 mV 1.55mA/cm2 – – – [89]
PECD – – 280 mV 4.8mA/cm2 – 0.34 – [210]
Thermal evaporation 1.8 µm – 217 mV 19mA/cm2 – 0.392 1.6% [66]
CED 1µm 1.15 eV 320 mV 0.65mA/cm2 0.5 cm2 0.65 0.54% [211]
PEC 1.0− 1.1 µm 1.12 eV 230 mV 1.63mA/cm2 – – < 1% [212]
PEC 1.0− 2.5 µm 1.18 eV 370 mV – – 55 0.63% [213]
Hot wall deposition 5 µm – 132 mV 3.68mA/cm2 0.2cm2 0.29 0.5% [74]
Homojunction – – 650 mV 7.64mA/cm2 – 39 1.95% [214]
Inorganic/organic – – 850 mV 7.35mA/cm2 – 45 2.81% [215]
CVD 1.5 µm – 0.244 V 19.42mA/cm2 0.71cm2 42.97% 2.04% [158]
RF 50 nm 1.3 eV 270 mV 12.1mA/cm2 – 64 2.1% [216]
Table 3.2: Progressive Trend of SnS Based Heterojunction Devices.
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Technique Photoluminescence Raman modes (cm−1) XPS Alignment Ref
Sulfurisation – – CdS/SnS Type II [90]
Evaporation and Sulfurisation – – CdS/SnS Type II [217]
Theoretical – – CdS/SnS Type I [218]
ECD – – CdS/SnS Type II [219]
CBD – – CdS/SnS Type II [219]
ECD – – InSxOy/SnS Type I [219]
CBD – – InSxOy/SnS Type I [219]
EDM – – SnO2/SnS Type I [190]
Bridgeman technique – 47, 50, 58, 78, 111, 160, 170, 194, 216, 264 = SnS – – [26]
CD – 40, 49, 70, 85, 95, 164, 192, 208, 218, 290 = SnS, 160 = ? – – [27]
CBD – 64, 106, 269 = SnS, 304 = SnS2 or Sn2S3 – – [137]
Solvothermal – 38, 47, 93, 162, 191, 218 = SnS – – [220]
ALD – 68, 94, 162, 191, 219, 288 = SnS – – [109]
Thermal evaporation – 173, 181, 219, 286 = SnS, 153 = Sn2S3 – – [61]
Thermal evaporation – 173, 181, 219, 286 = SnS – – [62]
CBD – 162, 193, 223 = SnS, 316 = SnS2, 237, 254 = Sn2S3 – – [221]
CVD – 190.4, 223, 273.7 = SnS – – [161]
Wet chemical route – 46, 52, 57, 77, 109, 154, 170, 182, 229, 260 = SnS – – [177]
Microwave-assisted polyol synthetic
method
– 229, 312 = SnS2 – – [222]
CBD – 189, 220 = SnS, 313 = SnS2 – – [223]
CBD – 219, 221 = SnS, 303 = Sn2S3 – – [138]
SILAR 825nm – – – [154]
Solution dispersion method 415 and 480nm – – – [173]
SILAR 680 and 825nm – – – [155]
Hydrothermal 553.05nm – – – [224]
Table 3.3: Photoluminescence, Raman and XPS Survey of SnS.
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Technique Thickness Band gap Polycrystalline Single phase Transmittance Ref
Bridgman technique 216 µm 1.30 eV No – 35% [33]
CBD 1.2 µm ≈ 1.3 eV Yes – ≈ 70% [117]
CBD 0.35− 0.45 µm – Yes – ≈ 90% [117]
Spray pyrolysis 1.0 µm 1.27 eV Yes – ≈ 45% [145]
Dip technique 0.5 µm 1.4 eV Yes – ≈ 50% [174]
ECD < 1− 2.5 µm 1.0–1.3 eV Yes – < 2% [188]
CSVT 3µm 1.32 eV Yes – ≈ 40% [106]
CSVT 3µm 1.32 eV Yes – ≈ 40% [105]
Brush plated 2 µm 1.1 eV Yes – ≈ 65% [107]
ECD 1µm 1.15 eV Yes – 50% [211]
Thermal evaporation 55− 365nm 1.38 –2 eV and 2.18–2.33 eV – – 95% [47]
CBD < 1 µm 1.38 eV Yes – 50% [123]
PECD 2.5 µm 1.67 eV Yes – 15% [192]
PECVD 0.35 µm 1.25I eV Yes – 90% [170]
Co-evaporation < 1 µm 1.3 eV Yes – 85% [91]
Co-evaporation 1.2 µm 1.3 eV Yes – 48% [70]
Co-evaporation 1.02 µm – Yes – 80% [70]
Co-evaporation 296nm – Yes – 80% [70]
Thermal evaporation 0.5 µm 1.35 eV Yes Yes 90% [51]
Thermal evaporation 0.5 µm 1.35 eV Yes – 80% [50]
CCEDM < 1 µm 1.21–1.42 eV Yes – 80% [194]
PED 966nm 1.32 eV Yes – 42% [225]
PED 960nm 1.30 eV Yes – 30% [225]
PED 946nm 1.23 eV Yes – 42% [225]
Spray pyrolysis 0.6 µm 1.32 eV Yes yes 80% [226]
CBD 450nm 1.7 eV Yes – 65% [124]
Thermal evaporation 1.8 µm 0.94 eV Yes – ≈ 40% [227]
Thermal evaporation 1.2 µm ≈ 1.15 eV Yes – ≈ 98% [227]
Thermal evaporation 0.6 µm 1.36 eV Yes – ≈ 70% [227]
Thermal evaporation 0.3 µm ≈ 1.32 eV Yes – ≈ 60% [227]
Thermal evaporation 0.25 µm ≈ 1.26 eV Yes – ≈ 65% [227]
EDM 980nm 1.16 eV Yes – 18% [196]
Table 3.4: Transmittance of SnS Thin Films with Thickness.
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Technique Thickness Band gap Polycrystalline Single phase Transmittance Ref
SILAR 0.20 µm 1.43 eV Yes – 80% [154]
SILAR 0.20 µm 1.43 eV Yes – 80% [155]
ECD < 1 µm 1.37 eV Yes Yes 80% [203]
CBD 290nm 1.31 eV Yes – 65% [127]
Thermal evaporation 3 µm 1.45 eV Yes – ≈ 80% [228]
Thermal evaporation 0.6 µm 1.9 eV Yes – ≈ 70% [58]
SILAR 150nm 1.71 eV Yes – 80% [152]
SILAR 150nm 1.71 eV Yes – 80% [151]
GECD 400nm ≈ 1.56 eV Yes – 60% [198]
CBD ≈ 100− 434nm ≈ 1.7− 1.76 eV Yes – ≈ 40− 80% [128]
Spray pyrolysis 2 µm 1.21 eV Yes – < 1% [147]
Sulfurisation 200nm 1.3 eV Yes – 80% [85]
PVDT 170 µm 1.21 eV No – 16% [75]
ECD < 1.4 µm 1.1 eV poly – reﬂectance given [199]
Thermal evaporation 65nm 2.28 eV Yes – 40% [62]
Thermal evaporation 185nm 2.15 eV Yes – 80% [62]
Thermal evaporation 350nm 1.68 eV Yes – 70% [62]
Thermal evaporation 580nm 1.55 eV Yes – 68% [62]
HWD 1.5 µm 1.07 eV Yes yes 18% [229]
HWD 1µm 1.27 eV Yes yes 60% [229]
Sulfurisation 800nm 1.27 eV Yes yes 55% [230]
Sputtering/sulfurisation 280nm 0.9 eV Yes yes 18% [88]
Sputtering/sulfurisation 385nm 1.16 eV Yes yes 28% [88]
Sputtering/sulfurisation 409nm 1.22 eV Yes yes 46% [88]
Sputtering/sulfurisation 420nm 1.30 eV Yes yes 56% [88]
Thermal evaporation 20nm 2.15 eV Yes – 80% [61]
Thermal evaporation 40nm 2.28 eV Yes – 70% [61]
Thermal evaporation 65nm 2.28 eV Yes – 45% [61]
CBD 375− 450nm 1.06–1.13 eV Yes – 60–78% [133]
Thermal evaporation 300nm 1.45 eV Yes – < 10% [175]
Sputtering/sulfurisation 193− 208nm 1.31–1.36 eV Yes – reﬂectance given [93]
Thermal evaporation 0.75− 1.14 µm 1.32–1.06 eV Yes – 32–25% [231]
Vacuum deposited 561− 1127Å 1.62-1.67 eV not given – 80–60% [22]
Table 3.5: Transmittance of SnS Thin Films with Thickness – contd.
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Chapter 4
Experimental Procedure
4.1 Pre-deposition Process
4.1.1 Substrate Cleaning
The soda–lime glass slides used as substrate were cleaned ultrasonically with the DAWE
SONICLEANER TYPE 6443BE using DECON–90 obtained from SIGMA–ALDRICH and
further cleaned with propan-2-ol obtained from the same company. The substrates were
then dried using nitrogen gas. All the water used in the cleaning process was de-mineralised
using the ELGA PURELAB demineraliser.
4.1.2 Source Preparation
The source materials (SnS, CdS, ZnS, ZnTe and ZIS, ZnInSe4) used were all solids either
in powdered or lump form. For the lumps (SnS), a suitable mortar and pestle were used to
crush them into a powdery form before putting them into the quartz crucible. The high
grade SuperVac SnS with purity of 99.999% was obtained from Testbourne Limited, UK.
Others were sourced from SIGMA–ALDRICH, UK.
4.2 Deposition Process
4.2.1 Thermal Evaporation System
The merits of vacuum evaporation over other deposition techniques and the range of
obtainable vacuum in relation to the available vacuum pressure has been earlier highlighted
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in 3.3.1.1. A crucial step to obtaining high quality ﬁlms includes creating a conducive
environment that has little or no interference with the ﬁlm formation process. Interactions
between residual gases and surface of the growing ﬁlms can be signiﬁcantly reduced through
low pressure (high vacuum) in a closed chamber. The major components of the deposition
plant are:
• Edwards rotary vane pump – high pressure (low vacuum stage),
• Leybold Hereaus oil diﬀusion pump – low pressure (high vacuum stage),
• Pirani gauge and Penning gauge.
A typical process control diagram of the deposition plant is shown on Figure 4.1 [1] and
the picture of the deposition plant on Figure 4.2.
4.2.1.1 High Pressure (Low-Vacuum Stage)
The rotary pump removes gases from the enclosed chamber and exhausts the gas load
externally. The rotary pump consists of a rotor, stator, oil discharge valve and a spring. A
schematic diagram of a rotary vane pump is shown on Figure 4.3. The vane in conjunction
with the spring, provides the requisite centripetal force needed for the operation of the
rotor. The movement of the vane and the rotor compresses the gas molecules that enters
the inlet from the chamber, thus forcing the discharge valve open and emptying the gas [2].
The oil serves as a lubricant, a seal and for cooling purposes (removing the heat that arises
from the gas compression).
4.2.1.2 Low Pressure (High-Vacuum Stage)
Figure 4.4 gives a schematic of the diﬀusion pump in operation [3, 4]. As shown in
Figure 4.4, the electrical connection to the heater, supplies the required current that heats
up the heater, thus heating the oil. The heated oil results in a ﬂuid vapour which streams
at a supersonic speed from the nozzle to form a supersonic jet as indicated in Figure 4.4.
Gaseous molecules that encounters the jets are suppressed down and expelled through
the backing pump. Any ﬂuid on touching the pump wall undergoes condensation to form
a liquid condensate that drifts from the wall to the boiler, thus setting up a continuous
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Figure 4.1: Process Control Diagram of the Deposition Plant: (1) Water Cooling Coils (2)
Bell Jar (3) Thickness Monitor (4) Substrate (5) Source Shutter (6) Resistive
Heater (7) Air Admittance (Vent) Valve (8) Current Feed Through (9) Penning
Gauge (10) Inert Gas Valve (11) Roughing Valve (12) Baﬄe Valve (13) Diﬀusion
Pump (14) Backing Valve (15) Pirani Gauge (16) Fore-line Trap (17) Sliding
Vane Rotary Vacuum Pump (18) Isolation Valve.
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Figure 4.2: Picture of the Thermal Evaporation Deposition System.
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Figure 4.4: Schematic of Diﬀusion Pump in Operation.
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cycle. However, it must be mentioned that the degassing section (not shown in Figure 4.4)
ensures that the returning liquid condensate are liberated from impurities and adsorbed
gases before re-entry into the boiler.
4.2.1.3 Pirani Gauge (Thermal Conductivity Gauge) and Penning Gauge
(Cold Cathode Ionisation Gauge)
An Edwards Pirani Gauge Model 502 was used to measure the vacuum pressure. It works
on the principle that the rate of heat transfer through the gas is a function of the gas
pressure, thus any change of pressure in the vacuum system will introduce a change in the
number of gas molecules present and consequently a change in the thermal conductivity of
the gas. The conﬁguration (not shown) is such that the ﬁlament within the gauge head
constitutes an arm of the Wheatstone bridge. Measurement of the voltage across the bridge
gives the pressure because the heat transfer from the ﬁlament to the gas increases with an
increase of pressure. The quick response usually observed during pump down is due to the
constant temperature of the ﬁlament arising from the controlled heating voltage applied to
the bridge.
An Edwards Penning Gauge Model 505 was also used in the measurements. Its operation
depends on the fact that electrons emitted from a cold cathode are accelerated by an
electric ﬁeld leading to ionisation and the rate of ionisation per electron can be increased
by increasing the electrons mean free path through the presence of a magnetic ﬁeld. With
this in mind, a gas discharge kept at low pressure, with the help of a magnet, is produced
when a high voltage is applied. The pressure is measured through the gas discharge within
a gauge head and this pressure is proportional to the signal indicated in the meter as
output of the resulting ion current.
4.2.1.4 Loading and Unloading the Chamber
With the baﬄe valve (12) and the backing valve (14) closed, the vent valve (7) is opened
and the bell jar (2) removed. The samples (source and substrate material) are then loaded
appropriately as shown in Figure 4.5 and the shutter (5) closed. With the shutter closed,
the bell jar is quickly closed and the vent valve also closed. The roughing valve (11) is
then opened and after the pressure reading on the Pirani gauge (15) is of the order of
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10−1mbar, it is closed and (14) opened, followed by a gradual opening of (12). The quartz
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quartz 
wool
source
 heater
Figure 4.5: Schematic Diagram of a R.D. Mathis CH-8 Heat Shielded Crucible Heater
with a Multi-Lab Quartz Crucible.
crucible were purchased from Multi-Lab QuartzTec Ltd. The evaporant (source materials)
were carefully included inside the quartz crucible and then covered with a quartz wool to
prevent spattering eﬀects (Figure 4.5).
Further, the crucible was then inserted in the CH-8 shielded heat crucible connected to
cylindrical tantalum heating elements obtained from the R.D. Mathis company and the
temperature measured from the thermocouple connected to the CH-8 crucible.
To unload, (12) and (14) must be closed before opening (7).
4.3 Post-deposition Process and Device Fabrication
4.3.1 Thickness Measurement
The ﬁlm thickness was measured using a surface proﬁlometer (Rank Taylor–Hobson Talystep
112/1037 M17 Model). The Talystep gives a simple and direct accurate measurement of
the thickness of the deposited ﬁlms by producing a graphic recording of the step height
(the diﬀerence in level between the surface of the substrate and the ﬁlm) as the stylus
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transverses from the substrate to the ﬁlm. The step height corresponds to the ﬁlm thickness
and is then read oﬀ on the graph in line with the applied magniﬁcation. Film thickness
of very few angstroms up to 12.5 µm can be measured. A typical block diagram of the
Talystep is shown on Fig 4.6 while Fig 4.7 gives a picture of the Rank Taylor-Hobson
Talystep.
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Pickup Ampliﬁer Filter
Pen unit
Recorder
Roughness
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Magniﬁcation switch Cut oﬀ selector
Stylus
Sample
Figure 4.6: Block Diagram of the Rank Taylor-Hobson Talystep.
4.3.2 Post Deposition Heat Treatments
The post deposition heat treatments was done in the environments: air, elemental sulphur,
5% hydrogen sulphide in argon (H2S/Ar), and air annealing after a dip in a saturated
solution of tin (iv) chloride in methanol (SnCl4/CH3OH). The annealing time was varied
between 15 min and 180 min while the annealing temperature was between 250 ◦C to
500 ◦C. The heating rate was ﬁxed at 15 ◦C/min in all cases.
For air annealing, the equipment used was a Carbolite annealing system ﬁtted with a
Eurotherm 2132 temperature controller. For annealing with elemental sulphur, a ﬁxed mass
of S was included in a graphite box, which contained the sample, and the annealing done
using a Carbolite annealing system ﬁtted with a Eurotherm 2132 temperature controller.
The system was evacuated to a base pressure of 10−3mbar and the annealing carried out
using a temperature of 300 ◦C and for annealing times in the range 15 min to 90 min.
Fig 4.8 gives the picture of the system used for air annealing while that of sulphur annealing
is shown on Fig 4.9. Annealing in (H2S/Ar) was performed in an evacuated closed quartz
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Figure 4.7: Picture of the Rank Taylor-Hobson Talystep.
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tube into which a mixture of 5% (H2S/Ar) was admitted and the tube then sealed at a
vacuum pressure of 1.013 25× 10−3mbar. The samples were then annealed at an annealing
temperature in the range 250 ◦C to 450 ◦C and a time of 15-90 min. The furnace used was
a Thermal CVD System from the Sun Han Korean Company. After the desired annealing
time and temperature, the furnace was then ﬁlled with argon and ﬂushed twice and ﬁnally
allowed to cool before vacuum was broken and the sample removed. Annealing in (H2S/Ar)
ambient was done at Seoul National University of Science and Technology, South Korea.
For the SnCl4/CH3OH ambient, the samples were dipped into a saturated solution of
0.1M SnCl4/CH3OH and then annealed in air using the same equipment as in the air
annealing.
4.3.3 Device Fabrication
The devices were made in both superstrate and substrate conﬁgurations. For the “su-
perstrate conﬁguration” devices, the substrates used were indium tin oxide (ITO) coated
glass slides, produced by RF magnetron sputtering of the ITO onto the soda lime glass
substrates. Prior to thermally evaporating the SnS absorber layers, a n-conductivity type
buﬀer layer of either CdS/ZnS/ZnO/ZIS was formed on the ITO surface. This was typically
50 nm to 100 nm thick. This layer was annealed in forming gas at 400 ◦C for 20 min prior
to the deposition of the SnS. The devices were then completed by evaporating a metallic
contact onto the SnS surface, taking care not to short out the junction. For “substrate
conﬁguration” devices, Mo was initially sputtered onto glass as the bottom contact of the
device. Onto this layer the p-type SnS absorber layer was deposited, followed by the buﬀer
layer, then the transparent (TCO) window layer and then ﬁnally a top metallic contact as
grid.
The contact fabrication were done using either solid or liquid targets. For the solid
targets (copper or indium), the metallisation plant and RF sputtering was used. The
metallisation plant is very similar in structure and in operating principle to the thermal
evaporation deposition plant except that the bell jar is a transparent high temperature
resistant glass and the source crucible is an Alumina Coated Tungsten Boat S2B-AO-W
also obtained from the R.D. Mathis company. Fig 4.10 gives a picture of the metallisation
plant. The liquid contacts used are; wire glue purchased from www.andersproducts.com,
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Leith-C, conducting glue bought from SIGMA ALDRICH, UK and silver DAG conductive
paste obtained from Agar Scientiﬁc, UK. The liquid contacts all have the property of rapid
solidiﬁcation on exposure to air.
4.4 Characterisation Techniques
The characterisation done will be discussed under four major headings: material, optical,
electrical and device characterisation. Material characterisation will include structural stud-
ies made using Scanning Electron Microscopy SEM, Energy Dispersive X-ray Spectroscopy
EDS, X-ray Diﬀractometery XRD, Raman Spectroscopy, Secondary Ion Mass Spectroscopy
(SIMS), optical characterisation (transmittance and reﬂectance versus wavelength mea-
surements), electrical characterisation (electrical conductivity type and ﬁlm resistivity
measurements) while device characterisation included current-voltage (I-V), capacitance-
voltage (C-V), spectral response measurements and X-ray photoelectron spectroscopy
(XPS) studies.
4.4.1 Material Characterisation
4.4.1.1 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy
A FEI Quanta 200 Oxford Instrument Environmental Scanning Electron Microscope (typi-
cally operating 20 kV/97 µA) was used to investigate the surface topology and topography
of the deposited ﬁlms. The working principle of the SEM is based on the fact that
photons and electrons signals are emitted when electron beam strikes the sample. For
SEM to provide a controlled electron beam, the electron column must be under vacuum
at a pressure < 10−5Torr [5]. Amongst the emitted signals, the most commonly used
are the secondary electrons which gives information on the morphology of the specimen,
backscattered electrons which provides information on the atomic number and topography,
and X-ray (energy dispersive x-ray spectroscopy) which gives information on the elemen-
tal/atomic composition of the sample. Figure 4.11 shows a schematic illustration of the
zones from which signals may be detected and formation of the secondary electrons [6].
They are mostly formed due to the interaction of the energetic electron beam and the
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valence or core electrons, thus only a small amount of kinetic energy is transferred to the
secondary electrons owing to the large diﬀerence in energy between the electron beam
and the specimen electrons. Secondary electrons are mostly characterised by energies <
50 eV [6].
The backscattered electrons arises from the eﬀect of elastic collision and scattering
between the specimen atomic nuclei and the electron beam. For the EDS, interaction
between the electron beam and the specimen electron could result in the ejection of a core
electron within the specimen to subsequently produce a characteristic X-ray signal that
is detected by the EDS detector. The picture of the FEI Quanta 200 Oxford Instrument
Environmental Scanning Electron Microscope is shown in Figure 4.12.
4.4.1.2 X-ray Diffractometry
X-ray diﬀraction technique is a non-contact and non-destructive method generally used in
the analysis of thin ﬁlm coatings or alloys to:
• identify crystalline/polycrystalline phases of material,
• determine the strain, crystallite orientation and size,
• determine the atomic arrangement in the material,
• reveal defect imaging and characterisation,
• determine concentration proﬁle with depth,
• determine ﬁlm thickness measurement,
• and to perform an in-situ measurement of crystalline phases under inﬂuence of heat.
XRD can be operated in diﬀerent mode such as:
• Locked couple mode – In this, the X-ray source (tube) moves in sequence with the
detector during operation. A graph of intensity in counts against the diﬀraction
angle (2θ) is produced and the reference database (JCPDS PDF–Joint Committee on
Powder and Diﬀraction Standard Powder Diﬀraction File) is then used to identify the
structural phases of the diﬀraction pattern shown on the graph for the corresponding
test sample.
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Figure 4.12: Picture of the FEI Quanta 200 Oxford Instrument Environmental Scanning
Electron Microscope.
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• Depth proﬁle mode – This refers to when the tube is locked at a small angle to
reduce the amount of x-ray penetration and a glancing angle is then incorporated
thus producing the intensity pattern as a function of 2θ.
• Diﬀraction pattern analysis – This applies when individual diﬀraction graphs are
incorporated into the same graph which can then be used to show trends and speed
up analysis.
• Rocking curve mode (double diﬀraction method) – In this mode, it can be used to
determine the layer thickness and also to reveal a pseudo-topographical information.
A Siemens D5000 X-Ray Diﬀractometer with a CuKα radiation source with wavelength of
1.5406Å operated in the locked-coupled mode was used in the investigation. Independent of
the mode it is operated, XRD basically works on the principle of Bragg’s law of diﬀraction
given as [7, 8]:
2dsinθ = nλ (4.1)
where d is the inter planar spacing, θ is the angle between the incident and the diﬀracted
x-rays, n is an integer (usually 1 for XRD) and λ is the wavelength of the radiation. A
typical schematic of the XRD is shown on Figure 4.13. As shown in Figure 4.13, the planes
of the atoms are spaced by d from each other but because several atomic planes could
arise with diﬀerent d-spacing, a coordinate system whose unit vectors a, b, and c are edges
or axes of the unit cell is introduced, thus the atomic planes can be uniquely deﬁned by
its Miller indices (the three (hkl) reciprocal intercepts of the plane with the a, b, and c
axes reduced to the smallest whole number ratio) such that a (hkl) plane intercepts the
crystallographic axes at a/h, b/k, and c/l [2]. SnS shows an orthorhombic structure hence
the interplanar spacing dhkl between neighbouring (hkl) planes is given as
dhkl =
[
a2
h2
+
b2
k2
+
c2
l2
]
0.5 (4.2)
where a 6= b 6= c as earlier indicated in subsection 3.1. A picture of the Siemens D-5000
X-ray Diﬀractometer is given in Figure 4.14.
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Figure 4.13: Schematic Diagram of a Typical XRD Experiment.
4.4.1.3 Raman Spectroscopy
Raman spectroscopy is primarily a non-destructive structural characterisation tool gen-
erally used in thin ﬁlm analysis. Raman spectroscopy has proved to be successful in the
identiﬁcation of crystalline or molecular phases, for obtaining structural information on
non-crystalline solids, for identifying molecular species in aqueous solutions, and for char-
acterising solid-liquid interfaces. Raman measurement is a vibrational spectroscopy whose
principle is based on the inelastic scattering of a monochromatic excitation source. This is
because phonons in crystals or molecular vibrational modes have frequencies which are
characteristic of the particular crystal or molecular structure. In this work the uniformity
and phases of the SnS ﬁlms were further veriﬁed using a Micro Raman spectrometer. The
Raman measurements were taken at Sri Venkateswara University, Tirupati in India.
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Figure 4.14: Picture of the Siemens D5000 X-Ray Diﬀractometer.
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4.4.1.4 Secondary Ion Mass Spectroscopy (SIMS)
Secondary ion mass spectrometry is a technique generally used to analyse the composition
of solid surfaces and thin ﬁlms by sputtering the surface of the test sample with a focused
primary ion beam and collecting and analysing ejected secondary ions with the mass
spectrometer, enabling the elemental, isotopic, or molecular composition of the surface to
be determined up to a depth of few nanometres. The Secondary Ion Mass Spectroscopy
measurements was done using a Hiden Analytical SIMS to further determine the elemental,
isotopic, or molecular composition of the surface of the as-grown and annealed ﬁlms.
Figure 4.15 gives the picture of the equipment. The system is equipped with two primary
ion guns, the IG20 Gas Ion Gun for oxygen and argon bombardment during SIMS and SNMS
(sputtered neutral mass spectroscopy) and IG5C Caesium Ion Gun for sensitive detection of
electronegative ions. The action of both ion guns are controlled from the computer interface.
Samples are carefully mounted from the underside of the standard sample mounting plate
and loaded into the chamber via a load-lock system. After evacuation, the samples are
transferred to the chamber where it is positively locked to the manipulator. The maxim
spectrometer in the equipment detects the positive and negative ions while the SNMS
electron impact ioniser detects the neutral species. The MASsoft software suite is used to
control the analytical parameters and the normal incidence camera in the device enables a
clear view of the sample for accurate targeting of features for analysis.
4.4.2 Optical Characterisation
4.4.2.1 Transmittance and Reflectance Measurements
The transmittance (T) and reﬂectance (R) versus wavelength measurements were made
using a Shimadzu SolidSpec 3700 UV–VIS–NIR spectrophotometer. The wavelength range
used for the absorber was between 300 nm to 2600 nm while for the buﬀer, a range of
190 nm to 2600 nm was used. The Shimazu can be operated in diﬀerent modes: direct
transmittance, specular reﬂectance and diﬀuse reﬂectance. Before taking measurement, it
is important to run an initialisation test to ensure that all the active components of the
equipment are ready. A baseline test with plane sodalime glass inserted at the appropriate
column to ensure that the desired response is at 100% transmittance or reﬂectance and
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Figure 4.15: Picture of the Hiden Analytical SIMS.
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also that the wavelength is at the range of interest is done after the initialisation test. A
picture of the spectrophotometer is shown on Figure 4.16.
4.4.3 Electrical Characterisation
4.4.3.1 Electrical Conductivity Type
The hot probe method was used to investigate the electrical conductivity type because of
its simplicity and straightforward approach in revealing whether a ﬁlm is p-type or n-type
conductivity. The probes (hot and cold) are wired to a sensitive multimeter, voltmeter
or ammeter with the hot probe connected to the positive terminal of the meter while the
cold probe is connected to the negative terminal. This technique requires that the probes
will make contact with the ﬁlm surface, thus needs a special caution. On making contact
(usually in seconds), carriers diﬀuse away from the contact point with the eﬀect that the
charge of the dominant carrier (electrons or holes) determines the direction of the net
current ﬂow [9, 10]. For an n-type material, a positive current reading/deﬂection on the
meter is observed while p-type material yields a negative current/deﬂection. Figure 4.17
gives a typical set-up of the hot probe.
4.4.3.2 Resistivity Measurement
The four point probe and Van der Pauw technique was used to measure the resistivity
(sheet and bulk) of the samples. The four point probe is a destructive technique in that
contact is made between the probes and the surface (layer of atoms over which the eﬀect
of termination of the solid decays until the bulk properties are reached [11]) of the ﬁlms.
As indicated in Figure 4.18, current is made to ﬂow between the outer probes while
the voltage is measured between the two inner probes and then read oﬀ from a Keithely
sourcemeter 2602 model. The picture of the set-up is shown on Figure 4.19. An extensive
treatment of this technique can be found in [12, 13], thus the sheet resistivity is given as:
ρs = 4.532
V
I
(4.3)
The bulk resistivity ρb is then obtained by the product of the ρs and the ﬁlm thickness (t).
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Figure 4.16: Picture of the Shimadzu SolidSpec 3700 UV–VIS–NIR Spectrophotometer.
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Figure 4.19: Picture of the Four Point Probe Set-up.
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4.4.3.3 Van der Pauw Technique
The Van der Pauw technique can be used to measure the resistivity of any arbitrary shaped
sample with four contacts based on the following assumptions:
• the contacts are at the periphery of the sample,
• the contacts are suﬃciently small,
• and the sample is of uniform thickness.
For a ﬂat sample of an arbitrary shape that satisﬁes the above criteria and the contacts
are labelled as a, b, c and d, if current is made to enter through contact “a” and leave
through “b” or otherwise, the resistance is given by:
Rab,cd =
Vcd
Iab
(4.4)
Rbc,ad =
Vad
Ibc
(4.5)
Rcd,ab =
Vab
Icd
(4.6)
Rda,bc =
Vda
Ibc
(4.7)
hence
ρs = 4.532
Vav
Iav
(4.8)
where Vav/Iav is obtained from the average of Equation (4.4), Equation (4.5), Equa-
tion (4.6), and Equation (4.7) and ρb = ρs t.
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4.4.4 Device Characterisation
4.4.4.1 Current-Voltage Measurement
The I-V measurements were done using a Keithley sourcemeter 2400 model incorporated
with a Labtracer software, and the ABET TECNOLOGIES Sun 2000 Solar Simulator model
was used to generate a simulated AM1.5 spectrum, set to 1000Wm−2. The operation
of the solar simulator is simple and easy to use, and has a long working distance optics
that gives room for sample positioning or testing equipment to be varied accordingly. A
schematic diagram of the solar simulator set up is shown on Figure 4.20 while a picture of
the experimental set-up is shown on Figure 4.21.
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PC/Labtracer
software
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wall
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control open/close
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Figure 4.20: Schematic Diagram of the Solar Simulator Set-up.
4.4.4.2 Capacitance-Voltage Measurement
The C-V measurements were made in the dark using a Hewlett Packard 4274A Multifre-
quency LCR Meter regulated by the 16023B Bias controller such that the capacitance
could be recorded at each voltage and frequency selected. A more advanced Agilent
E4980A Precision LCR Meter operating in the 20 Hz – 2 MHz was also used in the studies.
Figure 4.22 and Figure 4.23 give the pictures of both meters. The basic theory underlying
capacitance-voltage measurements has been discussed in subsection 2.3.1. Further reading
can be obtained in [14–16] and other relevant literature.
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Figure 4.21: Picture of the Solar Simulator Set-up.
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Figure 4.22: Picture of the Hewlett Packard Meter.
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Figure 4.23: Picture of the Agilent E4908A Precision LCR Meter.
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4.4.4.3 Spectral Response Measurement
The spectral response measurements were made using a commercially obtainable Bentham
605 spectral response system. The photocurrent was measured as a function of wavelength
on each device and on a calibrated standard Si solar cell (with known spectral response)
used as reference. The quantum eﬃciency was then derived by sequence of analysis from a
program with Excel using a standard silicon solar cell of a known spectral response and
the response of the device under test. The basic principles underlying spectral response
measurement has been earlier highlighted in subsection 2.7.2. A typical generic schematic
diagram of the spectral response system is shown on Figure 4.24 while the picture of the
experimental set-up is shown on Figure 4.25.
Light sourceMonochromator
Mechanical chopper
Beam splitter
reference cell
To ref channel
lock-in
sample
output
output
lock-in 
ampliﬁer reference
Bias light source
Figure 4.24: Schematic of a Generic Diagram of a Spectral Response System.
4.4.4.4 X-ray Photoelectron Spectroscopy (XPS)
Characterisation of materials using the X-ray photoelectron spectroscopy is a standard
quantitative spectroscopic technique which measures the elemental composition, empirical
formula, chemical state and electronic state of the elements that exist within the sample
under study. It utilises photo-ionisation and analysis of the kinetic energy distribution of
the emitted photoelectrons to examine the composition and electronic state of the surface
region of the sample using soft x-rays (with a photon energy of 200–2000 eV) to examine
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Figure 4.25: Picture of the Spectral Response Set-up.
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the core-level. In general, the photon is absorbed by an atom in a molecule or solid,
resulting in ionisation and emission of a core (inner shell) electron of the test sample. It is
understood that for each element, there will be a characteristic binding energy associated
with each core atomic orbital i.e. each element will give rise to a characteristic set of peaks
in the photoelectron spectrum at kinetic energies determined by the photon energy and
the respective binding energies. This implies that the emergence of peaks at particular
energies indicates the presence of a speciﬁc element in the sample under study. The XPS
measurements were done at Sri Venkateswara University, Tirupati, India.
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Chapter 5
Results
5.1 Results and Analysis
Most of the ﬁlms were deposited using a source to substrate distance of 31mm, vacuum
pressure in the range 10−5Torr to 10−6Torr, substrate temperature in the range 280 ◦C to
360 ◦C, source temperature in the range 300 ◦C to 350 ◦C, ﬁlm thickness between 20 nm to
4.3 µm, and the deposition time varied between 10 sec to 3 min.
5.1.1 Morphological Properties
Physical observations of the ﬁlms showed that the colour of the ﬁlms was closely related
to the deposition conditions. Films deposited for lower deposition times (< 20 sec) with
ﬁlm thicknesses (≤ 20 nm) appeared brownish black while for higher deposition times/ﬁlm
thicknesses, the layers were predominantly a bluish-black colour. All ﬁlms deposited were
pinhole free and adhered strongly to the substrate.
Figure 5.1 and Figure 5.2 show SEM micrographs of SnS thin ﬁlms. From SEM studies,
the shape of the grains in the ﬁlms were not the same as sometimes large leaf-like grains [1]
or rice-like grains [2, 3] were observed depending on the deposition conditions. Figure 5.1
shows typical SEM micrographs of large leaf-like grains at diﬀerent substrate temperatures
while Figure 5.2 shows rice-like grains for diﬀerent deposition time. Other relevant data are
contained in [4, 5]. Diﬀerent/similar grain shapes for SnS ﬁlms grown either by the thermal
evaporation technique or other methods have been reported by other authors [6–16].
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Figure 5.1: SEMMicrographs of SnS Layers Deposited at Diﬀerent Substrate Temperatures;
(a) 300 ◦C (b) 322 ◦C (c) 335 ◦C (d) 350 ◦C with Constant Source Temperature
(300 ◦C) and Deposition Time (3 min) [1].
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Figure 5.2: SEM Micrographs of SnS Layers Deposited at Constant Substrate Temperature
of 350 ◦C, Constant Source Temperature of 300 ◦C and Deposition Time between
(0.7–3 min) [3].
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5.1.2 Compositional Properties
Figure 5.3 and Figure 5.4 give the variation of Sn/S atomic ratio with substrate temperature
and deposition time respectively. Compositional analysis plays a role in understanding
the stoichiometry of the constituent elements in thin ﬁlms irrespective of the deposition
technique. EDS studies indicated that the ﬁlms were slightly Sn-rich when deposited using
substrate temperatures ≥ 300 ◦C. The slight Sn-rich behaviour was found to increase
with an increase of substrate temperature or deposition time as evidenced in [1, 3]. The
Sn/S atomic ratio varied between 1.02–1.23. This was mostly attributed to the diﬀerence
in vapour pressure between the Sn and S atoms. Similar behaviour for same or other
deposition variables have been reported by other authors in the literature [6–8, 17–22].
5.1.3 Structural Properties
The XRD spectra at diﬀerent substrate temperature, deposition time and ﬁlm thickness
are shown in Figure 5.5, Figure 5.6, Figure 5.7 and Figure 5.8. From XRD studies, the
ﬁlms were found to have the orthorhombic crystal structure consistent with the Powder
Diﬀraction File: 00-039-0354 [23]. The layers were mostly single phase with the (111)/(040)
planes giving rise to the most prominent peak. The (040) reﬂections are more likely
associated to higher values of ﬁlm thickness, substrate temperature or deposition time
as indicated in [1, 3–5] while the (111) are more likely at lower values of the deposition
variables as shown in [2, 24] and by other authors [6, 25–27]. Variation of the (111)/(040)
peaks with diﬀerent deposition conditions has been widely observed by various research
groups independent of the deposition technique as contained in [7, 10, 21, 22, 28–32]. Other
Bragg peaks were observed alongside the most prominent peaks in the ﬁlms. These include
the (110), (120), (021), (101), (131), (141), (002), (211), (151), (231), (042), (251) and the
(171) diﬀraction peaks consistent with Powder Diﬀraction File: 00-039-0354. The results
obtained indicate that the nature of the ﬁlms depends to a large extent on the deposition
variables i.e. the substrate temperature, ﬁlm thickness, deposition time, source to substrate
distance and the deposition rate. The narrow structured XRD peaks depend on better
crystallinity and larger grain size which are strong functions of the deposition conditions
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Figure 5.3: Variation of Sn/S Atomic Ratio with Diﬀerent Substrate Temperatures at
Constant Source Temperature (300 ◦C) and Deposition Time (3 min) [1].
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Figure 5.4: Variation of Sn/S Atomic Ratio with Diﬀerent Deposition Times at Constant
Source and Substrate Temperature of 300 ◦C and 350 ◦C.
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Figure 5.5: XRD Spectra of SnS Films at Diﬀerent Substrate Temperatures with Constant
Source Temperature (300 ◦C) and Deposition Time (3 min) [5].
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Figure 5.6: XRD Spectra of SnS Films with Diﬀerent Deposition Times at Constant Source
and Substrate Temperature of 300 ◦C and 350 ◦C [3].
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Figure 5.7: XRD Spectra of SnS Films with Diﬀerent Film Thicknesses (nm) at Constant
Source and Substrate Temperature of 300 ◦C and 350 ◦C with Deposition Time
between 10 sec to 1 min [33].
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Figure 5.8: XRD Spectra of SnS Films with Diﬀerent Film Thicknesses (µm) at Constant
Source and Substrate Temperature of 300 ◦C and 350 ◦C with Deposition Time
between (0.7–3 min).
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as indicated in [1–5, 34, 35]. This behaviour has been commonly observed by other research
groups according to the literature [6, 36–40]. It was also observed that the reﬂections
(211), (111), (310) and (440) of the Sn2S3 phase (belonging to the Powder Diﬀraction File:
00-014-0619 [41]) do occur simultaneously with the reﬂections (111)/(040), (120), (101)
and (211) of the SnS phase (belonging to the Powder Diﬀraction File: 00-039-0354 [23]).
A typical XRD diﬀractogram that illustrates such a pattern is shown in Figure 5.9. This
behaviour was attributed to the proximity of the d-spacing of these (hkl) reﬂections. Ghosh
et al. [42], Ogah et al. [7] and Miles et al. [43] have also made similar observations. However
in order to ascertain if the ﬁlms contain other phases of SnS Raman measurements were
used for further investigations.
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Figure 5.9: XRD Diﬀractogram of SnS Layer Deposited at Substrate Temperature of 350 ◦C,
Source Temperature of 300 ◦C and Deposition Time of 3 min.
Figure (5.10)a–b gives the Raman spectra of SnS ﬁlms deposited at diﬀerent substrate
temperatures and ﬁlm thicknesses. Raman data for the layers are also given in Fig-
ure (5.10)a–b respectively. All the ﬁlms showed a dominant peak at a wave number of
190.54 cm−1, with the other peaks present at 219.63 cm−1, 161.33 cm−1, 95.63 cm−1,
67.75 cm−1 for increasing substrate temperatures while for varying ﬁlm thicknesses, the
Raman peaks at a wave number of 95 cm−1, 162 cm−1, 187 cm−1 and 218 cm−1 were
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observed. These peaks are in good agreement with the data reported for SnS by other
authors independent of the deposition method as contained in [44–49], indicating that the
layers are single phase SnS.
5.1.3.1 Crystallite Size (C), Grain Size and the Number of Crystallites (Nc)
Figure 5.11, Figure 5.12 and Figure 5.13 give the variation of the crystallite size with ﬁlm
thicknesses, substrate temperatures and the deposition times. Based on the information
extracted from the XRD analysis, the crystallite size was deduced from the Debye-Scherrer’s
formula given as [50–52]:
C =
kλ
βcosθ
(5.1)
where C is the crystallite size, k is a constant (0.94), λ is the wavelength of the X-ray
(1.5406Å), β is the full width at half maximum of the most prominent peak and θ is the
Bragg angle. The crystallite size was observed to increase with increase of ﬁlm thickness,
substrate temperature [1] and the deposition time [3].
Figure 5.14 gives the variation of grain size with substrate temperature. The grain
sizes were measured directly using the FEI Quanta 200 Environmental Scanning Electron
Microscope. Enlargement of grain size during ﬁlm growth is very crucial, considering the
relationship between grain size and solar cell eﬃciency as earlier highlighted in subsec-
tions 2.8.1 and 2.8.2 respectively. Grain size depends strongly on the deposition conditions.
The presence of the grain boundaries reduces the important photovoltaic indicators such
as short-circuit current density JSC , open-circuit voltage VOC and the ﬁll factor through
recombination eﬀects [53]. As expected, the grain size increased with an increase of sub-
strate temperature [4]. This was attributed to the higher surface mobility of the ﬁlms at
higher substrate temperature which allows the ﬁlm to decrease its total energy by growing
larger grains thereby decreasing the grain boundary area. Increase in grain size/crystallite
size with deposition conditions has been widely observed by others in the literature for
SnS ﬁlms grown by same/diﬀerent techniques [6, 12, 14, 17, 38, 39, 54–56].
Figure 5.15 and Figure 5.16 give the variation of the number of crystallites per unit area
Nc with substrate temperatures and deposition times. The number of crystallites per unit
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(b) 
(a) 
Figure 5.10: Raman Spectra of SnS Films Formed at; (a) Diﬀerent Film Thicknesses
at Constant Source and Substrate Temperature of 300 ◦C and 350 ◦C with
Deposition Time between 10 sec to 1 min [33]. (b) Diﬀerent Substrate
Temperatures at Constant Source Temperature of 300 ◦C and Deposition Time
of 3 min.
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Figure 5.11: Variation of Crystallite Size and Angular Broadening with Film Thicknesses
at Constant Source and Substrate Temperature of 300 ◦C and 350 ◦C with
Deposition Time between (0.7–3 min).
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Figure 5.12: Variation of Crystallite Size with Substrate Temperatures at Constant Source
Temperature of 300 ◦C and Deposition Time of 3 min [4].
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Figure 5.13: Change of Crystallite Size with Deposition Times at Constant Source and
Substrate Temperature of 300 ◦C and 350 ◦C [3].
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Figure 5.14: Variation of Grain Size with Substrate Temperatures at Constant Source
Temperature of 300 ◦C and Deposition Time of 3 min [4].
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Figure 5.15: Variation of the Number of Crystallites with Substrate Temperatures at
Constant Source Temperature of 300 ◦C and Deposition Time of 3 min [1].
0.8 1.6 2.4 3.2
0.6
1.2
1.8
2.4
1.50
1.00
1.25
Deposition time (min)
N
o
.
 
o
f c
ry
st
a
llit
e
s
 
x 
10
13
(m
-
2 )
0.75
δ (
10
12
lin
e
s/
m
2 )
Figure 5.16: Change of δ (Dislocation Density) and Number of Crystallites with Deposition
Times at Constant Source and Substrate Temperature of 300 ◦C and 350 ◦C [3].
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area Nc was investigated at diﬀerent deposition conditions using the relation [14, 57]:
Nc =
[
t
C3
][
unit area
]−1
(5.2)
where t is the ﬁlm thickness and C retains its meaning. The results show that Nc varied
with the change of deposition conditions as contained in [1, 3]. The result indicate a
decrease of Nc with increasing substrate temperatures. This was attributed to an increase
in the crystallinity of the layers. The variation of Nc with the deposition conditions is
consistent with the reports of other authors [14, 58].
5.1.3.2 Texture Coefficient and Degree of Preferred Orientation
Figure 5.17 shows the variation of TC (hkl) with substrate temperatures while Figure 5.18
and Table 5.1–Table 5.6 give the variation of TC (hkl) with ﬁlm thickness. According to
Lotgering [59] and Moutinho et al. [60], in oriented polycrystalline material, the texture can
be deﬁned by a distribution function which gives the fraction of the material with crystals
having some particular axes that make a certain angle with the direction of orientation.
The texture coeﬃcient TC (hkl), gives a measure of the orientation of each reﬂection (hkl
values) in comparison to a completely randomly oriented sample (the Powder Diﬀraction
File). A value of 1 represents a random orientation while a value above 1 implies the
utmost case of non-random distribution of the crystallites (preferred orientation) in that
direction i.e. an abundance of grains orientated in a given <hkl> direction. The TC (hkl)
was calculated using the relation [60–64]:
TC (hkl) =
[
I(hkl)
I0(hkl)
][
1
N
ΣN
I(hkl)
I0(hkl)
]−1
(5.3)
where I(hkl) is the measured intensity for the (hkl) plane, I0(hkl) is the standard intensity
from the Powder Diﬀraction File for the corresponding powder, N is the number of
reﬂections considered in the analysis. The ﬁlms exhibited a high degree of uniformity and
good crystallinity such that the TC (hkl) was > 1 in most cases as evidenced in [1, 2, 33, 35].
Figure 5.17 shows an increase of texture coeﬃcient with substrate temperature and this
was attributed to the increase of crystallinity in the ﬁlms.
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Figure 5.17: Variation of TC (hkl) with Substrate Temperatures at Constant Source Tem-
perature of 300 ◦C and Deposition Time of 3 min [1].
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Figure 5.18: Change of TC (hkl) with Film Thicknesses at Constant Source and Substrate
Temperature of 300 ◦C and 350 ◦C with Deposition Time between (0.7–3 min).
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For ﬁlm thicknesses ≤ 0.1 µm, the results show an increase of TC (hkl) with an increase of
ﬁlm thickness [33]. This is clearly evident from the XRD spectra shown on Figure 5.7 as
only the (111) peaks are quite visible while the other reﬂections are very low indicating
that the crystallites are predominantly orientated in the (111) plane. However, for ﬁlm
thicknesses > 0.1 µm, a decrease of texture coeﬃcient was observed with increasing ﬁlm
thicknesses with the highest value appearing for the layer, that exhibited the (040) as the
most prominent peak, at the thickness of 0.4 µm. This is because at that thickness, other
Bragg peaks as indicated in Table 5.1–Table 5.6 all showed TC (hkl) < 1, indicating loss of
preferred orientation in those (hkl) reﬂections. In general the texture coeﬃcient for the
(040) reﬂections were all ≫ 1 for thicknesses > 0.1 µm. The decrease in the TC (hkl) for the
values of the (040) peak at the highest thickness was because there are other Bragg peaks
that had values of TC (hkl) > 1 as shown in Table 5.1. This is also evident from the XRD
spectra shown on Figure 5.8 as the (101) reﬂection increased dramatically while the (040)
peak decreased. This suggests that although more crystallites were oriented in the <040>
direction, there was a more random distribution of crystallites to other (hkl) reﬂections at
the higher thicknesses. These changes observed herein can be attributed to the change in
the stoichiometry arising from the diﬀerence in vapour pressure of Sn and S respectively.
To the best of my knowledge at the time of submission of this thesis, there is no detailed
report on TC (hkl) for SnS thin ﬁlms in the literature. However for other inorganic thin-ﬁlm
PV material, Zoppi et al. [65] reported on the variation of TC (hkl) with ﬁlm thickness
and annealing time for CdTe absorber layers grown using metal-organic chemical vapour
deposition method. Moutinho et al. [60, 61] studied the impact of post deposition annealing
and diﬀerent deposition techniques on the TC (hkl) for CdTe polycrystalline thin ﬁlms
while Kim and Chun [63] reported on the eﬀects of ﬁlm thickness on the TC (hkl) for SnO2
polycrystalline thin ﬁlms.
Table 5.1–Table 5.6 also gives the variation of the degree of preferred orientation σ for
diﬀerent ﬁlm thicknesses. The degree of preferred orientation (an utmost case of non-
random distribution of crystallites in the layers) of the ﬁlms were deduced by analysis from
the standard deviation of the TC (hkl) by considering the same number of (hkl) reﬂections
used to deduce the TC (hkl) i.e. by calculating the standard deviation of the TC (hkl) values
of each diﬀracting crystal plane from the powder diﬀraction condition as a whole instead of
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using the TC (hkl) of a particular (hkl) peak. The standard deviation was calculated using
the relation [60, 63]:
σ =
[
1
N
Σ(TC (hkl) − 1)2
]0.5
(5.4)
where N and TC (hkl) retain their usual meanings and σ is the standard deviation used to
compare the degree of preferred orientation in the as-grown ﬁlms. Equation 5.4 implies that
σ is zero when TC (hkl) is 1; hence higher value of σ indicate less randomly oriented samples
while a lower value of σ indicates more randomly oriented samples. From the viewpoint of
Kim and Chun [63], preferred orientation in polycrystalline thin ﬁlms is strongly inﬂuenced
by the mode of the ﬁlm growth depending on the deposition technique and hence noted
such modes to include:
• an initial nucleation on the substrate and growth of nuclei arising from the surface
diﬀusion of the impinging ﬂux,
• an oriented overgrowth due to preferred nucleation on the growing crystal surface,
• a sticking of homogeneous nuclei from the gas phase on the growing surface and their
growth.
It is pertinent to note that in the literature, some authors do interchange peak intensity
ratio with preferred orientation [6, 21, 22, 29, 39, 66] while peak intensity ratio is clearly
presented in some [5, 67]. For clarity, the steps taken to calculate the TC (hkl) and σ are:
• The intensity (counts) I, of the (hkl) peaks is recorded, say N (hkl) peaks where N is
an integer > 3.
• The intensity (counts) Imax, of the most prominent (hkl) peak is recorded.
• I(hkl) is calculated using:
I(hkl) =
I
Imax
× 100
1
(5.5)
• I(hkl) and I0(hkl) are substituted in Equation 5.3 to determine the TC (hkl).
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• As a litmus test the sum of all TC (hkl) must equal N and the average of TC (hkl) must
equal 1.
• TC (hkl) is substituted into Equation 5.4 to determine σ.
• Values of σ > 0 imply preferred orientation in the ﬁlm and hence the greater the
value of σ, the higher the degree of preferred orientation of the crystallites.
The variation of the texture coeﬃcient and degree of preferred orientation for diﬀerent
ﬁlm thicknesses given in Table 5.1–Table 5.6 indicate clearly that TC (hkl) and σ depend
strongly on the number of (hkl) peaks used in the analysis. This is also a function of
polycrystalline nature of the ﬁlms. It also indicates that σ has a strong link with the
number of peaks whose TC (hkl) values are > 1 i.e. ﬁlms that showed less randomisation
of the crystallites. The values obtained herein are in line with Figure 5.8 which indicate
a high crystallinity of the ﬁlms and a slight randomisation of crystallites for higher ﬁlm
thicknesses. As mentioned before, to the best of my knowledge, there is also no detailed
report on the change of the degree of preferred orientation with ﬁlm thickness for SnS
thin ﬁlms in the literature at the time of this thesis submission hence for other inorganic
thin ﬁlm materials, Kim and Chun [63] observed an increase of σ with ﬁlm thickness for
SnO2 ﬁlms grown by the chemical vapour deposition method. However Tanuševski and
Poelmman [68] reported a preferred orientation of the (111) peaks induced by nucleation
eﬀects for SnS thin ﬁlms prepared by electron beam evaporation while Mathews et al. [69]
observed a decrease in the degree of preferred orientation caused by a recrystallisation eﬀect
in electro-deposited SnS ﬁlms. For the most eﬃcient polycrystalline thin ﬁlm absorbers
Cu(In,Ga)Se2, Contreras et al. [70] has reported on the impact of preferred orientation on
the optical and photovoltaic properties in such solar cell devices.
5.1.3.3 Strain and Dislocation Density
Strain in thin ﬁlms mostly arises from:
(i) A mismatch of thermal expansion coeﬃcients of the ﬁlm and the substrate.
(ii) Crystal defects.
(iii) Stoichiometric deviation. This is a strong function of the deposition conditions.
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(hkl) reﬂections
Thickness
(µm) (110) (120) (021) (101) (111) (040)
0.4 0.369 0.331 0.270 0.252 0.258 8.456
1.2 0.459 0.527 0.864 0.238 1.321 5.799
2.0 0.633 1.130 0.193 0.559 0.654 5.057
2.8 0.686 0.656 1.110 0.253 0.972 5.437
4.0 0.320 0.774 1.005 2.845 0.752 3.082
Table 5.1: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred Orientation σ,
at Diﬀerent Film Thicknesses for N = 12 (contd.),
(hkl) reﬂections σ
Thickness
(µm) (131) (141) (002) (151) (042) (171)
0.4 0.256 0.277 0.281 0.278 0.185 0.787 2.25
1.2 0.447 0.456 0.334 0.431 0.317 0.807 1.48
2.0 0.618 0.587 0.565 0.496 0.594 0.914 1.24
2.8 0.375 0.413 0.462 0.379 0.502 0.755 1.36
4.0 0.650 0.573 0.433 0.512 0.368 0.686 0.90
Table 5.2: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred Orientation
σ, at Diﬀerent Film Thicknesses for N = 12.
(hkl) reﬂections σ
Thickness
(µm) (110) (120) (021) (101) (111) (040) (131) (141) (002)
0.4 0.308 0.277 0.226 0.211 0.216 7.077 0.215 0.234 0.236 2.15
1.2 0.395 0.454 0.744 0.205 1.138 4.997 0.386 0.393 0.288 1.44
2.0 0.570 1.016 0.174 0.503 0.588 4.553 0.558 0.529 0.509 1.27
2.8 0.596 0.570 0.964 0.220 0.844 4.720 0.326 0.359 0.401 1.34
4.0 0.276 0.668 0.867 2.454 0.648 2.658 0.561 0.494 0.374 0.85
Table 5.3: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred Orientation σ, at
Diﬀerent Film Thicknesses with N = 9.
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(hkl) reﬂections σ
Thickness
(µm) (120) (021) (101) (111) (040) (131) (141)
0.4 0.230 0.187 0.175 0.179 5.858 0.178 0.193 1.98
1.2 0.383 0.626 0.172 0.958 4.205 0.325 0.331 1.33
2.0 0.899 0.153 0.445 0.520 4.023 0.493 0.467 1.25
2.8 0.498 0.843 0.192 0.738 4.130 0.285 0.314 1.30
4.0 0.560 0.727 2.057 0.544 2.228 0.470 0.414 0.73
Table 5.4: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred
Orientation σ, at Diﬀerent Film Thicknesses with N = 7.
(hkl) reﬂections σ
Thickness
(µm) (021) (101) (111) (040) (131)
0.4 0.142 0.133 0.136 4.454 0.135 1.73
1.2 0.498 0.137 0.762 3.345 0.258 1.19
2.0 0.136 0.395 0.462 3.571 0.436 1.29
2.8 0.681 0.155 0.597 3.337 0.230 1.19
4.0 0.603 1.707 0.451 1.849 0.390 0.64
Table 5.5: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred
Orientation σ, at Diﬀerent Film Thicknesses with N = 5.
(hkl) reﬂections σ
Thickness
(µm) (101) (111) (040)
0.4 0.084 0.086 2.830 1.29
1.2 0.097 0.539 2.364 0.98
2.0 0.268 0.312 2.420 1.00
2.8 0.114 0.437 2.449 1.03
4.0 1.278 0.338 1.384 0.47
Table 5.6: Variation of Texture Coeﬃcient TC (hkl), and Degree of Preferred
Orientation σ, at Diﬀerent Film Thicknesses with N = 3.
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(iv) Any combination or all of the above eﬀects.
Figure 5.19 shows the change of strain with substrate temperature. Strain could aﬀect
the ﬁlm growth or the optoelectronic properties of the grown layers because of the distortion
of the lattice [71]. Strain can be compressional (negative values) or tensile (positive values).
The strain ε was calculated using the relation [50]:
ε =
∆θ
2(tanθ)
(5.6)
where θ is the diﬀraction angle and ∆θ is the shift in the X-ray peaks. The strain was
observed to decrease with an increase of substrate temperature [5]. This was attributed
to the increase of crystallite size with substrate temperature which led to a reduction in
the inter-crystalline barriers or grain boundary area in the layers. Other authors [25, 27,
72–74] have reported on the decrease of strain with same/other deposition conditions for
SnS ﬁlms grown with similar/diﬀerent deposition techniques.
Figure 5.20, Figure 5.21 and Figure 5.16 give the variation of the dislocation density δ
with substrate temperature, ﬁlm thickness and deposition time. Dislocation density δ can
be deﬁned as the length of dislocation lines per unit volume of the crystal and gives a
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Figure 5.19: Variation of ε with Substrate Temperatures at Constant Source Temperature
(300 ◦C) and Deposition Time (3 min) [5].
174
300 310 320 330 340 350
2.0
2.4
2.8
3.2
3.6
4.0
Substrate temperature (oC)
δ (
x1
0-
2  
n
m
)-2
Figure 5.20: Change of δ with Substrate Temperatures at Constant Source Temperature
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measure of the degree of defects in the ﬁlm. The crystallite size was used to estimate the
value of δ using the standard formula given as [75]:
δ =
n
D2
(5.7)
where n = 1 implies a case of minimum dislocation density, and D is the crystallite size.
For cubic and hexagonal crystal structure [76, 77], δ is given as:
δ =
15ε
aD
(5.8)
where a is the lattice parameter, D and ε retains their meanings. Results obtained
indicated that δ varied with the deposition conditions, decreasing with increase of substrate
temperature, ﬁlm thickness and deposition time. This decrease was attributed to the
increase in crystallinty of the layers. Similar ﬁndings due to change of deposition conditions
or other associated eﬀects have been reported by other research groups in SnS in the
literature [25, 58, 73].
Figure 5.11 shows the eﬀect of angular broadening on the as-grown ﬁlms. It is generally
understood that broadening of diﬀracted peaks are usually caused by lattice microstrain and
smaller crystallite size. The angular broadening of the diﬀraction pattern was calculated
using the relation given in [50]:
∆(2θ) =
λ
C cos θ
(5.9)
where C, λ and θ retains their meanings. It is observed that the angular broadening
decreased with an increase of ﬁlm thickness. This is clearly due to the increase of the
crystallite size as shown in Figure 5.11. From the discussion so far, it can be inferred that
an increase of crystallite size or grain size leads to a corresponding decrease of the strain,
dislocation density and angular broadening in the ﬁlms.
5.1.4 Optical Properties
Results of the optical measurements indicated that the transmittance and reﬂectance of
the ﬁlms varied with the deposition conditions. The variation of the optical transmittance
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with ﬁlm thickness and substrate temperature are shown in Figure 5.22 and Figure 5.23.
The cut-oﬀ wavelength was found to decrease with an increase of ﬁlm thickness and was
attributed to the progressive increase of the grain size at the higher ﬁlm thicknesses. The
transmittance were very high for lower ﬁlm thicknesses and tended to reduce for higher ﬁlm
thicknesses. This behaviour has been explained on the basis that for the thicker ﬁlms, the
corresponding larger grain size leaves behind a large unﬁlled intergranullar volume thereby
reducing the absorption per unit thickness [78]. For wide range of substrate temperatures
and ﬁlm thicknesses, the transmittance spectra exhibited interference fringes which is
an indication of good surface homogeneity and uniformity of the grown ﬁlms. Cifuentes
et al. [79] also observed a blue shift with wavelength for decreasing ﬁlm thickness and
explained it on the basis of the band structure and the degree of superposition of electron
clouds of neighbouring atoms. The optical absorption coeﬃcient α was deduced from the
transmittance and reﬂectance data using the relations [80, 81]:
α =
−1
d
ln
[
T
(1−R)2
]
(5.10)
or
α =
[
d
]−1
ln
[
100
T%
]
(5.11)
where d is the ﬁlm thickness, R and T are reﬂectance and transmittance respectively.
The optical absorption coeﬃcient α was > 105cm−1 while the energy bandgap deduced
using Equation (2.3) was found to be direct and varied between 2.0 eV to 1.30 eV with
the higher values obtained for ﬁlm thicknesses < 0.5 µm. The widening of the energy
bandgap for ﬁlm thicknesses < 200 nm was due to a “quantum size eﬀect” [14, 27, 47, 82,
83]. The thinner layers grown with thickness < 0.5 µm in some cases exhibited diﬀerent
behaviour in that they were found to contain small amounts of carbon and oxygen, and
secondary phases of binary compounds e.g. SnS2 and Sn2S3 and to have a higher energy
bandgap than single phase SnS [2]. The variation of energy bandgap in SnS thin ﬁlms
induced by similar or other associated eﬀects are commonly observed irrespective of the
deposition technique employed. Calixto-Rodriguez et al. [84] observed a similar eﬀect for
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increasing substrate temperatures in SnS ﬁlms grown by spray pyrolysis and attributed
it to the change of phase from a mixture of SnS to SnS2. Sajeesh et al. [85] observed
bandgap dependence on composition while Reddy and Reddy [86] noted that the variation
in the energy bandgap was caused by the presence of SnS2 and Sn2S3 and possibly Sn-O-S
induced by changes in the chemical stoichiometry of the layers (for SnS ﬁlms grown by
spray pyrolysis). Signiﬁcant ﬁndings on the variation of the optical properties with the
deposition conditions are reported in [3, 5, 87]. The decrease of the transmittance at higher
ﬁlm thickness or other associated eﬀects have been observed by other authors independent
of the deposition method as summarised in Table 3.4 – Table 3.5.
5.1.5 Electrical Properties
Figure 5.24 gives the variation of the resistivity with ﬁlm thickness. The results of the
electrical properties (electrical resistivity and conductivity type) showed that the bulk
resistivity varied with the deposition conditions. The bulk resistivity varied between
3Ω cm to 40Ω cm for ﬁlm thicknesses ≤ 3µm and also changed from 210Ω cm to 98.5Ω cm
between 20 nm to 100 nm [33], decreasing with increase in thickness for both ranges. This
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Figure 5.24: Dependence of Electrical Resistivity on Film Thickness at Constant Source and
Substrate Temperature of 300 ◦C and 350 ◦C with Deposition Time between
(0.7–3 min).
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was attributed to an improvement in the crystallinty of the layers. The layers all exhibited
p-conductivity type and this has been generally accepted to be due to the presence of
Sn-vacancies. The observed reduction in resistivity as indicated in Figure 5.24 could be due
to the increase of crystallite size with increasing ﬁlm thickness as evidenced in Figure 5.11.
An increase in crystallite size could lead to a substantial decrease in the intercrystalline
barrier size to consequently reduce the resistance posed by the barriers to the charge
carriers, leading to the observed eﬀect. This trend is commonly observed in SnS thin ﬁlms
for diﬀerent deposition parameters and/or post-deposition heat treatments, irrespective of
the deposition method [20, 38].
5.1.6 Optimisation (Post-deposition Heat Treatments)
Optimisation of the conditions used for the depositions as indicated earlier, showed that
the best layers were formed at a substrate temperature of 350 ◦C, source temperature
of 300 ◦C and a deposition time of 3 min. Further optimisation of the layers were done
through a post-deposition annealing as discussed in subsection 4.3.2. The eﬀects of the
treatments on the layers are discussed.
5.1.6.1 Effects of Annealing on the Morphological, Compositional and
Structural Properties
Figure 5.25 and Figure 5.26 contains typical SEM micrographs of annealed SnS layers. For
ﬁlm thicknesses < 1 µm, the SEM micrograph shows that the layers consisted of randomly
orientated elongated grains, each of which was several microns long and less than 0.5 µm
wide as shown on Figure 5.25. A substantial increase of the grain size was recorded after
annealing in air or a sulphur environment. As shown on Figure 5.26, the morphology looks
approximately similar, but the layers annealed in sulphur had higher grain size 5 µm than
the as-deposited ﬁlms. SEM micrographs of SnS ﬁlms grown with a deposition time of 1.5
min and then annealed in the respective ambients revealed that annealing in elemental
sulphur and in the 5% H2S in argon mixture resulted in uniform, densely packed grains
with a grain size of up to 10 µm obtained for the H2S/argon ambient [35]. For air annealing,
after the SnCl4/methanol treatment, sharper more faceted grains are observed [35].
Figure 5.27(a)–(c) show the EDS proﬁles of annealed SnS ﬁlms. For layers grown with
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(a) 
(b) 
Figure 5.25: (a) SEM Micrograph of SnS Layer Deposited at Substrate Temperature of
350 ◦C, Source Temperature of 300 ◦C and Deposition Time at 1 min (b) the
Layer Annealed in Air at 300 ◦C for 30 min [2].
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Figure 5.26: SEM Pictures of; (a) SnS Layer Deposited at Substrate Temperature of
350 ◦C, Source Temperature of 300 ◦C and Deposition Time at 1.5 min (b) the
Layer Annealed in Air at 300 ◦C for 30 min (c) the Layer Annealed in Sulphur
at 300 ◦C for 30 min [34].
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 (a) 
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Figure 5.27: EDS Spectrum of SnS Layer Deposited at Substrate Temperature of 350 ◦C,
Source Temperature of 300 ◦C and Film Thickness of 2 µm (b) the Layer
Annealed in Air at 400 ◦C for 30 min (c) the Layer Annealed in Sulphur at
400 ◦C for 30 min [2].
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thicknesses > 2 µm, the EDS compositional analysis data indicated that the as–grown
layers were slightly sulphur–deﬁcient. For annealing in air and sulphur environments, post
deposition annealing in air led to a further increase in sulphur deﬁciency where-as annealing
in a sulphur environment acted to restore the chemical stoichiometry of the layers, tending
to move the ratio of Sn:S toward unity.
Figure 5.28(a)–(c) give the SIMS proﬁles of as-grown, air and sulphur annealed layers
which indicate uniform doping in all the layers. The air annealed layer exhibits sulphur
loss with some sodium and oxygen impurities present in the layers. The presence of sodium
and oxygen was less signiﬁcant in the sulphur annealed layer.
The eﬀects of the post deposition heat treatments on the XRD spectra are given in
Figure 5.29. For layers < 1 µm, it was observed that annealing the samples in air or in
an environment containing excess sulphur brought about a reduction in the intensity of
these reﬂections. Using an annealing temperature of 300 ◦C for 30 min for layers < 1 µm,
it was observed that sulphur annealing also lowered the intensity of the most prominent
reﬂection (111/040) relative to the air annealed layers. This was attributed to a loss of
preferred orientation during the sulphur annealing to produce more randomly orientated
crystallites [34]. This is also evident from the XRD spectra (Figure 5.30) where an increase
in intensity of the other orientations, e.g., (120) and (021) peaks, were observed after
the heat treatments. A similar behaviour of a reduction in the intensity of the most
prominent peak/s compared to the as-grown layers after annealing has been observed in
the literature [37]. However, annealing in a sulphur environment for annealing time longer
than 30 min introduced other phases of SnS e.g. SnS2 was observed and was indexed with
the Powder Diﬀraction File: 01-083-1706 [88]. The ﬁgure associated to this change is shown
in Figure 5.31. For all the annealed samples, the full width half maximum (FWHM) of
each peak was found to be decreased, corresponding to an improvement of the crystallinity
of the layers. Also for the H2S/argon annealed samples, additional peaks corresponding to
Sn2S3 were observed and indexed with the Powder Diﬀraction File: 00-014-0619 [41]. This
is also shown in Figure 5.32. The Sn2S3 phase is orthorhombic with lattice parameters a =
8.86400, b = 14.02000 and c = 3.74700. The intensity of the most prominent reﬂection
(111)/(040) was also slightly reduced in the H2S/argon environment. Annealing in air after
a dip in SnCl4/methanol solution resulted in the most dramatic change in the diﬀraction
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(a) 
(c) 
(b) 
Figure 5.28: (a) SIMS Proﬁles of SnS Layer Deposited at Substrate Temperature of 350 ◦C,
Source Temperature of 300 ◦C and Film Thickness of 2 µm (b) the Layer
Annealed in Air at 400 ◦C for 30 min (c) the Layer Annealed in Sulphur at
400 ◦C for 30 min.
185
10 20 30 40 50 60 70 80 90
(04
0)
(c)
(b)
2θ (degrees)
(11
1)
(13
1)
(25
1)
(a)In
te
n
si
ty
 (a
rb
.
 
u
n
its
)
(02
1)
(15
1)
(00
2)
Figure 5.29: XRD Spectra for SnS Films: (a) the Layer Annealed in Air at 400 ◦C for 30
min (b) the Layer Annealed in Sulphur at 400 ◦C for 30 min (c) As-deposited
Layer at Substrate Temperature of 350 ◦C, Source Temperature of 300 ◦C and
Deposition Time at 1 min [2].
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Figure 5.30: XRD Spectrum for SnS Layer Deposited at Substrate Temperature of 350 ◦C,
Source Temperature of 300 ◦C and Deposition Time at 1.5 min, the Layer
Annealed in Air at 300 ◦C for 30 min, and the Layer Annealed in Sulphur at
300 ◦C for 30 min [34].
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Figure 5.31: XRD Spectrum of a Sulphur Annealed Layer Using Annealing Temperature
and Time of 300 ◦C and 60 min.
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Figure 5.32: Variation of XRD Spectra in Diﬀerent Ambients: (a) As-deposited Layer (b)
the Layer Annealed in Elemental Sulphur (c) Annealed in a 5% H2S in Argon
Mixture (d) Annealed in Air After SnCl4/methanol Treatments.
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pattern in that the height of the (040) peak reduced drastically while that of the (021)
peak increased markedly as shown in Figure 5.32. This could be due to changes in the
stoichiometry of the Sn and S in the layers.
Figure (5.33) and Figure (5.34) give the changes induced by annealing time on the
crystallite size and the texture coeﬃcient TC (hkl) for the layers annealed in the H2S/argon
environments. Information gleaned from the XRD data was used to evaluate the eﬀects of
annealing on the crystallite size and the texture coeﬃcient. The crystallite size and texture
coeﬃcient as functions of annealing time were calculated using the previously deﬁned
relations (Equation (5.1) and Equation (5.3)). It was observed that the crystallite size
increased with an increase of annealing time, indicating an improvement in the crystallinity
of the layers due to annealing. An increase in the crystallite or grain size induced by a post
deposition heat treatments of as-grown SnS layers has been reported by other research
groups [20, 21, 89, 90]. The texture coeﬃcients calculated for the samples annealed in
the diﬀerent environments, calculated along three diﬀerent orientations were observed to
increase marginally for annealing in sulphur environments with a signiﬁcant increase for
those layers annealed in H2S/argon. However, there was a drastic reduction in the TC (hkl)
value for the samples dipped into SnCl4/methanol and then annealed in air. The observed
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Figure 5.33: Crystallite Size Versus Annealing Time.
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decrease of TC (hkl) can be attributed to the change of orientation as observed from the
XRD spectra. Despite the observed reduction, the texture coeﬃcient values are quite high
implying that the layers are improved by the heat treatments. The changes induced by the
post deposition treatments on the texture coeﬃcients in the respective media are shown in
Figure 5.35. Such a change in structural parameters induced by annealing eﬀect on SnS
thin ﬁlms has been reported in the literature [6, 20].
Figure (5.36) shows the eﬀect of annealing time on the strain ε for SnS layers annealed
in the H2S/argon environments. Strain can be deduced by indirect measurements of the
change in the lattice parameters which can cause a corresponding change in the position of
the diﬀraction peaks in the annealed layers. The strain developed in the annealed ﬁlms
was deduced using the relative d-spacing variation deﬁned by the relation [50, 91]:
ε =
dexp − do
do
(5.12)
where dexp is the calculated d-values while do was extracted from the XRD proﬁles and ε
retains its meaning.
The results revealed that the residual strain changed from tensile for lower annealing
time to compressive for longer annealing time. This clearly suggests that annealing in
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Figure 5.35: Texture Coeﬃcient Versus Environments: (a) As-deposited Layer (b) the
Layer Annealed in Elemental Sulphur (c) Annealed in a 5% H2S in Argon
Mixture (d) Annealed in Air After SnCl4/methanol Treatments [35].
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Figure 5.36: Strain Versus Annealing Time.
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H2S/argon environments led to further improvement in crystallinity of the layers. Reddy
et al. [90] reported on the inﬂuence of chemical treatment with selected organic solvents on
the surface morphology, surface topology and other physical properties of SnS thin ﬁlms
and observed a decrease in the strain for SnS layers treated in chloroform.
5.1.6.2 Effects of Annealing on the Optical and Electrical Properties
The optical transmittance versus wavelength spectra of as-grown and annealed SnS layers,
that indicated the signiﬁcance of post deposition annealing in air and sulphur ambient,
are shown on Figure (5.37). The transmittance spectra give a clear interference pattern
indicating a uniform thickness and good surface homogeneity induced by the annealing
process. The appearance of the interference fringes indicates a signiﬁcant improvement
on the uniformity and crystallinity of the grown ﬁlms making it possible to deduce the
important optical constants such as the refractive index and extinction coeﬃcient from the
spectra.
Figure (5.38) shows the changes arising from the eﬀect of the post deposition heat
treatments on the optical absorption coeﬃcient and energy bandgap. The eﬀect of heat
treatments on the layers showed that the optical constants; optical absorption coeﬃcient
and energy bandgap are relatively independent of annealing environment probably due to
the short duration of the annealing and the high crystallinity of the layers in as-deposited
form [2, 35]. Tanuševski [81] also reported on the independence of the optical constant
on the thermal treatment for SnS ﬁlms grown by electron beam evaporation method. For
longer annealing times, there was a shift in the cut-oﬀ wavelength toward the infra-red
region as shown in Figure (5.38). Plots of (αhν)2 versus hν given in Figure (5.38) are
straight lines indicating that the transition is direct and the intercept on the hν axis gives
a value of energy bandgap that varied in the range 1.3 eV to 1.4 eV, with the as-deposited
layers showing a higher energy bandgap. This was attributed to a deviation of Sn/S ratio
from the stoichiometric value because of the diﬀerence in vapour pressure of Sn and S. A
shift in the energy band gap towards lower values after annealing has been reported in the
literature [42]. Figure (5.38), exhibits “Urbach tails ” for energies < Eg rather than showing
(αhν)2 = 0 for energies < Eg. Such behaviour is commonly observed in polycrystalline
thin ﬁlms due to the eﬀect of “bandgap tailing”. This could lead to an extension of the
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long wavelength spectral response of SnS-based devices. Such behaviour has been reported
by diﬀerent researchers in the literature for SnS thin ﬁlms [39, 49, 92].
Figure (5.39) gives the changes induced on the refractive index of the ﬁlms by the
annealing ambients. The refractive index was calculated using the Manifacier’s theory
given as [93]:
n =
[
N +
{
N2 + n02n12
}0.5]0.5
(5.13)
where
N =
n0
2 + n12
2
+ 2n02n12
{
Tmax − Tmin
TmaxTmin
}
(5.14)
Tmax and Tmin are the transmittance maxima and minima while n, no and n1 are the
refractive indices of the ﬁlm, air and glass (substrate) respectively at the same wavelength
for corresponding values of Tmax and Tmin.
The refractive index varied in the range, 1.53 - 1.59 and exhibited the normal trend expected
in that it fell sharply from the onset (around the fundamental edge) and decreased gradually
at lower photon energies (longer wavelengths). This was attributed to the eﬀect of free
carrier absorption at longer wavelengths. The observed trend is in line with the reports
of other authors independent of the deposition technique or annealing environment [25,
79, 94–97]. The refractive index could not be calculated for the as-deposited ﬁlm due to
the absence of an interference pattern (used to estimate the transmittance maximum and
minimum). Also the refractive index for the air annealed case was relatively higher than
that of the sulphur annealed ﬁlm and this was attributed to the deviation in stoichiometry
of the layers.
The change in extinction coeﬃcient due to the annealing eﬀect is shown on Figure (5.40).
The extinction coeﬃcient k, was calculated using the relation given in [98]:
k =
αλ
4π
(5.15)
where α retains its meaning and λ is the wavelength. The evaluated extinction coeﬃcient,
k changed marginally in the range, 0.035–0.11 for the as-deposited and annealed ﬁlms. The
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Figure 5.39: Variation of Refractive Index Versus Wavelength for SnS Layer Deposited at
Substrate Temperature of 350 ◦C, Source Temperature of 300 ◦C and Deposi-
tion Time at 1.5 min, Annealed in Air at 300 ◦C for 30 min, and the Layer
Annealed in Sulphur at 300 ◦C for 30 min.
extinction coeﬃcient decreased gradually up to a “critical wavelength in each case and
then increased. The observed decrease of extinction coeﬃcient with wavelength has been
reported by other authors [25, 80, 95, 96, 99].
Figure (5.41) gives the change on the optical density of the ﬁlms due to the post deposition
heat treatments. The optical density was deduced using the formula contained in [79]:
ρopt = αd (5.16)
where α retains its meaning and d is the ﬁlm thickness. The evaluated optical density
varied in the range 0.01–0.03. An increasing trend of optical density with the annealing
environments was also observed with the increase appearing more pronounced in the air
annealed layer.
The eﬀects of post-deposition annealing on the electrical properties (electrical conductivity
type and bulk resistivity) indicated that the layers retained their p-conductivity in the
respective environment of annealing except for air annealing after dipping the samples in a
saturated solution of SnCl4/methanol. In this case the samples changed from p-conductivity
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type to n-conductivity type, with a more substantial reduction in the conductivity of the
samples. The eﬀects of annealing in the diﬀerent environments on the electrical properties
of the ﬁlms are summarised in Table 5.7 for a sample with an as-grown resistivity of
13.9Ω cm.
Environments Conductivity type Resistivity Ωcm
As-deposited p-type 13.9
Air p-type 13.7
Sulphur p-type 11.8
H2S/argon p-type 10.3
SnCl4/methanol n-type 6.8
Table 5.7: Eﬀect of Annealing in Diﬀerent Ambients and Chemical Treatments
on the Electrical Properties of SnS Layers.
5.1.7 Device Properties
SnS-based photovoltaic cells were developed using CdS and ZnIn2Se4 as the buﬀer layers
mainly in the substrate conﬁguration. Figure (5.42) gives a schematic cross-sectional
view of the conﬁguration of the best solar cell devices fabricated in this work. For both
structures in Figure (5.42), SnS ﬁlms were formed by thermal evaporation at Northumbria
Photovoltaics Applications Centre, Northumbria University, United Kingdom while the
ZnIn2Se4 was grown by a novel chemical bath deposition process and ZnO/ZnO:Al (AZO)
by magnetron sputtering at the Thin Films Laboratory, Department of Physics, Sri
Venkateswara University, Tirupati, India. Devices made with CdS are completed at
Northumbria University. The thickness of the various layers used for device fabrication are
also given in Figure (5.42).
5.1.7.1 Current-Voltage Properties (Dark Current-Voltage Analysis)
Dark current density-voltage (J-V) measurements were made to evaluate the quality of the
hetero-interface, the dominant current transport across the junction and other junction
parameters for the diodes fabricated. The temperature dependence of the dark-current
voltage gives an insight into the nature of current transport across the junction. For all the
dark current-voltage measurements, the forward and reverse bias mode were performed at
a temperature range of 180K to 370K. The dark forward and reverse J-V characteristics
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of the junctions indicated that the forward characteristics were approximately exponential.
The data extracted from the J-V studies of the various junctions were ﬁtted to the following
equations [100]:
J = Jo
[
e(qV/AkT ) − 1
]
(5.17)
where A is the ideality factor, q is the electronic charge and Jo is the saturation current
density deﬁned as:
Jo = Joo
[
e(−Ea/AkT )
]
(5.18)
Joo is the pre-exponential factor that is constant and Ea is the activation energy. From the
recombination analysis given in [101], Equation (5.17) and Equation (5.18) yields:
Voc ≈ Ea
q
− AkT
q
ln
[
Joo
Jsc
]
(5.19)
From Equation (5.18) values of Joo and A can be obtained from slope of a graph of ln(Jo)
against 103/T(K). The value of Joo and A were obtained as 9.4× 10−7Acm−2 and 1.85
respectively for the SnS/ZIS/AZO heterojunction device. Results obtained indicated that
the saturation current density varied between 0.5× 10−7Acm−2 and 4.6× 10−7Acm−2
for temperatures < 268 K. Based on these values of the saturation current density and
the relative independence of Jo with temperature indicate that the current transport
across the junction is largely dominated by a tunnelling mechanism. A schematic of the
possible tunnelling-recombination mechanisms taking place at the junction and in the
entire device are shown on Figure (5.43). The tunnelling-recombination currents observed
here are analogous to those discussed in subsection 2.6 and are commonly observed in
heterojunctions due to the presence of bulk and interface defects. Current transport via
tunnelling is common in highly doped materials with doping concentration in the range
1019 – 1020cm−3. For this work, the acceptor concentration in the SnS ﬁlms was determined
to be in the range 1015 – 1016cm−3. Since this value is less than the required condition
for a single step tunnelling to occur, it is possible that the current transport across the
interface/junction was largely dominated by multi-step tunnelling process. It was also
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observed that at higher temperatures (> 268 K), the ideality factor was relatively constant
and varied in the range 1.85–1.94 while the saturation current density changed from
4.7× 10−7Acm−2 to 4.3× 10−7Acm−2. Such behaviour is typical of current transport
limited by recombination in the depletion region. For temperatures > 268 K, the current
transport is modelled as a combination of interface recombination and tunnelling. This
is illustrated in Figure (5.43). Within this temperature range, the value of Ea estimated
from the slope of ln(Jo) against 103/T(K) yielded 0.46 eV. From the foregoing, the current
transport equation in this device can be adequately represented by Equation (2.85), in line
with the discussion in [100]. Back contact recombination is not signiﬁcant in these devices
since the minority carrier diﬀusion length obtained in this work is less than the absorber
layer thickness.
5.1.7.2 Current-Voltage Properties (Illuminated Current-Voltage Analysis)
All the junctions fabricated were characterised using an illuminated current density-
voltage characteristics under a simulated AM1.5 spectrum. The data extracted from the
measurements were used to determine the photovoltaic indicators such as open circuit
voltage (Voc), short circuit current density (Jsc), Fill factor (FF) and the conversion
eﬃciency (η). The solar cell eﬃciency was calculated using the relation:
η =
Pout
Pin
×100 (5.20)
where Pout = [Voc x Jsc x FF] and Pin is the input power in mW/cm2. Results from I-V
measurements under a simulated AM1.5 spectrum for the SnS/CdS based devices gives an
open circuit voltage of 170 mV and a short circuit current density of 7.2 mA/cm2 with a
ﬁll factor of 0.28 for separate devices and a conversion eﬃciency of 1.0 %. These values
are within the range reported by other researchers in the literature [32, 102–104]. The
low values exhibited by the device are associated to the high density of interface states
present at the CdS/SnS interface (3.06 × 1011FC−1cm−2) indicating that CdS is not a
good partner material to SnS. It is possible that either producing buried homojunctions or
making heterojunctions with materials other than CdS is a good way forward to improve
SnS–based devices.
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SnS junctions were then fabricated with ZnO as the buﬀer layer. For such devices, the
photovoltaic parameters were found to be lower with the Voc = 83 mV, Jsc = 2.7 mA/cm2,
FF = 0.14 and an eﬃciency < 1%. This was mainly due to the low ﬁll factor value probably
due to the high series and low shunt resistances. Low photovoltaic parameters was also
recorded for the SnS/ZnCdS junction and was attributed to the low ﬁll factor although
better values of Voc and Jsc were obtained for this junction.
Solar cells developed with ZIS ﬁlm as the buﬀer layer and SnS layer, that was annealed
followed by chemical treatment, resulted in a substantial increase of the conversion eﬃcien-
cies, up to 2.9%. The best device had Voc = 472 mV, Jsc = 16.1 mA/cm2 and FF = 0.38.
Table 5.8 gives a summary of the photovoltaic parameters of the best solar cell devices
produced in this study and by other authors for SnS–based solar cells while Figure (5.44)
gives the illuminated I-V curve of the best cells produced.
Technique Voc (mV) Jsc (mA/cm2) FF η (%) Ref
SnS/CdS current work 170 7.2 0.28 1.00 current work
SnS/ZnO current work 83 2.7 1.4 < 1.00 current work
SnS/ZIS current work 472 16.1 0.38 2.90 current work
SnS/Zn(O,S) CVD/ALD 244 19.4 0.4297 2.46 [105]
Inorganic-
organic
– 850 7.35 0.45 2.81 [106]
SnS/CdS evaporation/RFS 217 19.0 0.392 1.60 [107]
Homojunction – 650 7.64 0.39 1.95 [108]
SnS/ZnMgO RF/Co-sputtering 270 12.1 0.64 2.10 [109]
Table 5.8: Photovoltaic Parameters of the Best Laboratory Scale SnS-based Solar Cell
Devices.
5.1.7.3 Electro-optical Properties
One of the most critical parameters among other factors governing the suitability of
materials as absorbers for solar cell is the minority carrier diﬀusion length since diﬀusion
is the mechanism through which minority carriers move to the space charge region and
contribute to the photogenerated current. This makes it a diagnostic tool for assessing
the suitability of materials as absorbers for photovoltaic solar cell applications. Diﬀerent
methods of determining the minority carrier diﬀusion length include the surface photo
voltage method [110], P-C method (photocurrent versus capacitance method), photo-
200
0 75 150 225 300 375 450 525
0
2
4
6
8
10
12
14
16
 
Cu
rr
e
n
t (m
A)
Voltage (mV)
 SnS/ZIS
 SnS/ZnCdS
Figure 5.44: I-V Characteristics of SnS-based Heterojunction Devices.
induced open-circuit voltage decay (OCVD) [111] and electron beam induced current
(EBIC) method [112]. The minority carrier diﬀusion length of SnS has been determined
here for the ﬁrst time using an electro-optical method [113, 114]. The measurement of
quantum eﬃciency is a major basis for understanding the origin of the short circuit current
and yields information on the optical cell properties and on the electronic properties. The
quantum eﬃciency is a spectral quantity that depends on the wavelength of the incident
photons. It is deﬁned as the number of collected electrons per photon impinging on the solar
cell device at a given wavelength. The theory behind the spectral response measurement
has been discussed earlier in subsection 2.7.2. The variation of the spectral response of the
devices are shown in Figure (5.45) and were as expected in that the current responsivity
was zero for regions of wavelength less than the cut-oﬀ wavelength of the window layer and
for wavelengths greater than the cut-oﬀ wavelength of the absorber layer. This behaviour
is that of the so-called “heterojunction window eﬀect”. The behaviour is similar to that
reported by other authors in the literature [115, 116].
Following the discussion from Equation (2.94) – Equation (2.96), the minority carrier
diﬀusion length can be obtained from the spectral response by assuming that the short
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circuit current contribution can be approximated by [110, 114]:
JSC(λ) = q(I −R)Nph
[
Ln
(Ln +
1
α
)
]
(5.21)
where Jsc(λ) is the total photogenerated short circuit current density at any given λ
and Nph is the incident photon ﬂux, R is the reﬂectance of the cell, α is the optical
absorption coeﬃcient and Ln is the minority carrier diﬀusion length in the SnS. This
formula is expected to be valid in the range of wavelengths where α is small, such that the
corresponding absorption length of the absorbed photons is within the SnS layer, away
from both the CdS/SnS junction and the SnS/back contact. It follows that a plot of
EQE−1 versus α−1 should be a straight line with an intercept on the α−1 axis equal to the
minority carrier diﬀusion length. The behaviour observed is very similar to that reported
by other workers for other heterojunction devices, in that as expected, the plots are linear
for lower values of α (higher values of α−1) and become non-linear for higher values of α
(lower values of α−1). Extrapolating the straight lines to the α−1 axis indicated a value of
minority carrier diﬀusion length of 0.23 µm for the best SnS sample annealed in forming
gas. This is the ﬁrst time the minority carrier diﬀusion length has been determined for
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SnS-based devices and is shown on Figure (5.46).
For the other junctions, the minority carrier diﬀusion length was in the range 0.18 µm
to 0.25 µm. The values for the diﬀusion length obtained is within the range expected for
polycrystalline thin ﬁlms e.g. values have been reported to be in the range 0.1 µm to 0.5 µm
for CdTe and CIGS, with the higher values obtained for the absorber layers used in the
more eﬃcient devices [114, 115]. Most recently, work done by Sinsermsuksakul et al. [105]
on SnS-based heterojunction solar cell fabricated using a diﬀerent technique, indicated
that the minority carrier diﬀusion length of SnS lies within 0.2 µm to 0.4 µm.
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5.1.7.4 Capacitance–Voltage Properties
It has been understood that charges in the depletion region are voltage dependent and hence
from the a-c response of the p-n junction, salient information on the junction behaviour
such as the carrier densities, depletion widths, deep trap densities and the potential barriers
can be extracted. The basic theory behind the C-V measurements have been indicated in
subsection 2.3.1. Figure (5.47) gives the variation of capacitance (±5% measurement error)
versus reverse bias voltage at diﬀerent frequencies for room temperature measurements
in the dark. The density of interface states NIS present in the device can be determined
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using the relation [117]:
NIS =
CLF − CHF
Aq
(5.22)
where NIS is the density of interface states, CLF is the low frequency capacitance, CHF is
the high frequency capacitance, A is the cross-sectional cell area which was 0.5 cm2 for this
study, and q is the electronic charge. This gives a NIS value of 3.06× 1011FC−1cm−2.
Figure (5.48) gives the variation of
1
C2
versus reverse bias voltage for a typical junction
at the highest frequency for this study. The plot is a straight line for reverse bias voltages
< 0.5 V indicating uniform doping of the SnS near to the SnS/CdS interface. Assuming
an n+p device, the slope of the plot of
1
C2
versus V gives a doping concentration of 1014
– 1015cm−3 near to the interface. Extrapolating the plot to the voltage axis corresponds
to a built-in-voltage of 0.85V. The zero bias capacitance of this device corresponds to a
depletion region of 0.38µm. The value of NIS obtained in the C-V studies is of the same
order with the value of the dislocation density obtained from the structural studies as
indicated in [1, 34].
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5.1.8 Band-alignment Properties
As indicated in subsection 3.3.4, there are very few reports on the band alignment studies
on SnS-based devices probably because of the novelty of this material. It has been
generally understood that band oﬀsets mostly aﬀect the electronic transport properties
of heterojunction solar cell devices by acting as barriers to the charge carriers at the
interface thereby reducing the conversion eﬃciency. This makes investigations on the band
discontinuities a very important step in the device design since the valence and conduction
band oﬀsets determine the electrical transport properties at the interface, hence an in-depth
understanding or control of the discontinuities at the band edges to align the valence and
conduction bands of both semiconductors with more precision is very crucial in solar cell
fabrication. The relevance of X-ray photoelectron spectroscopy (XPS) as a direct tool for
the measurement of valence band discontinuities in hetero-junctions has been highlighted
in subsubsection 4.4.4.4 and by other authors [118, 119]. Hence the energy band oﬀsets at
the diﬀerent interfaces are investigated using XPS measurements and the related energy
band diagrams developed are in line with the discussions in subsection 2.6.
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5.1.8.1 CdS/SnS Junction
Results from the XPS narrow scan done to obtain the spectra of the Cd 4d core level
and the Sn 4d core level of CdS and SnS ﬁlms indicated that ESnSSn 4d = 30.03 eV and
ECdSCd 4d = 16.6 eV. The energy corresponding to the valence band maximum (EV BM )
positions were determined by linear extrapolation of the leading edge of the expanded
spectra and were obtained as ESnSV BM = 2.595 eV and E
CdS
V BM = 4.055 eV. From the XPS
spectrum measured at the interface of the SnS/CdS junction, the diﬀerence between the
core levels at the interface is obtained as ESnS/CdSCL = 13.43 eV. Substituting accordingly
in Equation (5.23) and Equation (5.24) [120, 121]:
∆EV SnS/CdS = (ESnSSn 4d − ESnSV BM )− (ECdSCd 4d − ECdSV BM )−∆ESn−Cd (5.23)
∆EV SnS/CdS = ∆ESnSV BM−Sn −∆ECdSV BM−Cd −∆ESnS/CdSCL (5.24)
where ∆ESnSV BM−Sn is the energy separation between the valence band maximum (VBM)
and the Sn 4d core level for SnS, ∆ECdSV BM−Cd is the energy separation between the VBM
and the Cd 4d core level for CdS and ∆ESnS/CdSCL is the energy diﬀerence across the
interface between the Sn 4d core level in the SnS side and Cd 4d core level in the CdS side
of the junction. The valance band oﬀset ∆EV SnS/CdS at the interface can be deduced as:
∆EV SnS/CdS = (30.03− 2.595)− (16.6− 4.055)− 13.43 = 1.46 eV (5.25)
The conduction band discontinuities can then be calculated from:
∆ECSnS/CdS = ∆EgSnS/CdS −∆EV SnS/CdS (5.26)
where ∆EgSnS/CdS is the diﬀerence in the energy gap values of SnS and CdS. From
Figure 5.49 it follows that,
∆ECSnS/CdS = (2.4− 1.3)− 1.46 = −0.36 eV (5.27)
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The negative sign implies that the conduction band minimum (CBM) of CdS lies below
that of SnS. The photoemission measurements indicated that the CBM and VBM were
lower on the CdS side which is typical of a type-II heterojunction. Such junction can
enhance electron transport from the SnS-side to the CdS-side substantially. The values
obtained from the calculated band oﬀsets were compared with the reported data and found
to be in good correlation with the literature as evidenced in [121–123]. However Abdel
Haleem and Ichimura [121] argued that a type II heterojunction can be aﬀected by an
increased recombination of the majority carriers at the interface leading to a drop in the
open circuit voltage to consequently reduce the solar conversion eﬃciency.
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Figure 5.49: Energy Band Diagram of the CdS/SnS Heterojunction.
References
[1] P. A. Nwofe, K. T. Ramakrishna Reddy, G. Sreedevi, J. K. Tan, I. Forbes, and
R. W. Miles. “Single phase, large grain, p-conductivity-type SnS layers produced
using the thermal evaporation method”. In: Energy Procedia 15 (2012), pp. 354–360
(cit. on pp. 154, 155, 157, 158, 161, 162, 166–168, 175, 204).
207
[2] P. A. Nwofe, K. T. Ramakrishna Reddy, J. K. Tan, I. Forbes, M. Leach, D. Y. Jang,
and R. W. Miles. “Investigating the Potential of SnS for Use in Photovoltaic Solar
Cell Applications”. In: Proceedings of the Solar Energy Society and PV-Net UK
on Photovoltaic Science, Applications and Technology (PVSAT-8), Northumbria
University, UK, 2-4 April 2012. Ed. by M. G. Hutchins, N. Pearsall, and A. Cole.
Solar Energy Society, UK, 2012, pp. 89–92 (cit. on pp. 154, 157, 161, 167, 177, 181,
183, 186, 191).
[3] P. A. Nwofe, K. T. Ramakrishna Reddy, and R. W. Miles. “Inﬂuence of deposition
time on the properties of highly-oriented SnS thin ﬁlms prepared using the thermal
evaporation method”. In: Advanced Materials Research 602 (2013), pp. 1409–1412
(cit. on pp. 154, 156, 157, 159, 161, 162, 165–167, 179).
[4] P. A. Nwofe, K. T. Ramakrishna Reddy, G. Sreedevi, J. K. Tan, and R. W. Miles.
“Structural, optical, and electro-optical properties of thermally evaporated tin
sulphide layers”. In: Japanese Journal of Applied Physics 51 (2012), 10NC36 (cit. on
pp. 154, 157, 161, 162, 164, 165).
[5] P. A. Nwofe, K. T. Ramakrishna Reddy, J. K. Tan, I. Forbes, and R. W. Miles. “On
the Structural and Optical Properties of SnS Films Grown by Thermal Evaporation
Method”. In: Journal of Physics: Conference Series. Vol. 417. IOP Publishing. 2013,
p. 012039 (cit. on pp. 154, 157, 159, 161, 170, 174, 178, 179).
[6] M. Devika, K. T. Ramakrishna Reddy, N. Koteeswara Reddy, K. Ramesh, R.
Ganesan, E. S. R. Gopal, and K. R. Gunasekhar. “Microstructure dependent
physical properties of evaporated tin sulﬁde ﬁlms”. In: Journal of Applied Physics
100 (2006), p. 23518 (cit. on pp. 154, 157, 161, 162, 170, 189).
[7] O. E. Ogah, G. Zoppi, I. Forbes, and R. W. Miles. “Thin ﬁlms of tin sulphide for
use in thin ﬁlm solar cell devices”. In: Thin Solid Films 517 (2009), pp. 2485–2488
(cit. on pp. 154, 157, 161).
[8] M. Devika, N. Koteeswara Reddy, K. Ramesh, H. R. Sumana, K. R. Gunasekhar,
E. S. R. Gopal, and K. T. Ramakrishna Reddy. “The eﬀect of substrate surface on
the physical properties of SnS ﬁlms”. In: Semiconductor Science and Technology 21
(2006), pp. 1495–1501 (cit. on pp. 154, 157).
208
[9] S. Cheng, Y. Chen, Y. He, and G. Chen. “The structure and properties of SnS
thin ﬁlms prepared by pulse electro-deposition”. In: Materials Letters 61 (2007),
pp. 1408–1412 (cit. on p. 154).
[10] S. Cheng, Y. He, and C. Chen. “Structure and properties of SnS ﬁlms prepared by
electro-deposition in presence of EDTA”. In: Materials Chemistry and Physics 110
(2008), pp. 449–453 (cit. on pp. 154, 157).
[11] K. Hartman, J.L. Johnson, M.I. Bertoni, D. Recht, M.J. Aziz, M.A. Scarpulla, and
T. Buonassisi. “SnS thin-ﬁlms by RF sputtering at room temperature”. In: Thin
Solid Films 519 (2011), pp. 7421–7424 (cit. on p. 154).
[12] G. H. Yue, W. Wang, L. S. Wang, X. Wang, P. X. Yan, Y. Chen, and D. L. Peng.
“The eﬀect of anneal temperature on physical properties of SnS ﬁlms”. In: Journal
of Alloys and Compounds 474 (2009), pp. 445–449 (cit. on pp. 154, 162).
[13] K. Takeuchi, M. Ichimura, E. Arai, and Y. Yamazaki. “SnS thin ﬁlms fabricated
by pulsed and normal electrochemical deposition”. In: Solar Energy Materials and
Solar Cells 75 (2003), pp. 427–432 (cit. on p. 154).
[14] E. Guneri, C. Ulutas, F. Kirmizigul, G. Altindemir, F. Gode, and C. Gumus. “Eﬀect
of deposition time on structural, electrical, and optical properties of SnS thin ﬁlms
deposited by chemical bath deposition”. In: Applied Surface Science 257 (2010),
pp. 1189–1195 (cit. on pp. 154, 162, 167, 177).
[15] P. K. Nair, M. T. S. Nair, V. M. Garcia, O. L. Arenas, A. Castillo Y. Pena, I. T.
Ayala, O. Gomezdaza, A. Sanchez, J. Campos, H. Hu, R. Suarez, and M. E. Rincon.
“Semiconductor thin ﬁlms by chemical bath deposition for solar energy related
applications”. In: Solar Energy Materials and Solar Cells 52 (1998), pp. 313–344
(cit. on p. 154).
[16] M. Sugiyama, K. Miyauchi, T. Minemura, and H. Nakanishi. “Sulfurization growth
of SnS ﬁlms and fabrication of CdS/SnS heterojunction for solar cells”. In: Japanese
Journal of Applied Physics 47 (2008), pp. 8723–8725 (cit. on p. 154).
209
[17] N. Koteeswara Reddy and K. T. Ramakrishna Reddy. “Electrical properties of
spray pyrolytic tin sulﬁde ﬁlms”. In: Solid State Electronics 49 (2005), pp. 902–906
(cit. on pp. 157, 162).
[18] C. Gao and H. Shen. “Inﬂuence of the deposition parameters on the properties of
orthorhombic SnS ﬁlms by chemical bath deposition”. In: Thin Solid Films 520
(2012), pp. 3523–3527 (cit. on p. 157).
[19] Z. Xu and Y. Chen. “Fabrication of SnS thin ﬁlms by a novel multilayer-based
solid-state reaction method”. In: Semiconductor Science and Technology 27 (2012),
p. 035007 (cit. on p. 157).
[20] M. Devika, N. K. Reddy, K. Ramesh, K. R. Gunasekhar, E. S. R. Gopal, and K. T.
Ramakrishna Reddy. “Inﬂuence of annealing on physical properties of evaporated
SnS ﬁlms”. In: Semiconductor Science and Technology 21 (2006), pp. 1125–1131
(cit. on pp. 157, 180, 188, 189).
[21] M. Devika, N. Koteeswara Reddy, S. Venkatramana Reddy, K. Ramesh, and K. R.
Gunasekhar. “Inﬂuence of rapid thermal annealing (RTA) on the structural and
electrical properties of SnS ﬁlms”. In: Journal of Materials Science: Materials in
Electronics 20 (2009), pp. 1129–1134 (cit. on pp. 157, 170, 188).
[22] M. Devika, N. K. Reddy, D. S. Reddy, S. V. Reddy, K . Ramesh, E. S. R. Gopal, K. R.
Gunasekhar, V. Ganesan, and Y. B. Hahn. “Optimization of the distance between
source and substrate for device-grade SnS ﬁlms grown by the thermal evaporation
technique”. In: Journal of Physics: Condensed Matter 19 (2007), p. 306003 (cit. on
pp. 157, 170).
[23] Powder Diffraction File: 00-039-0354 (1985). ICDD (cit. on pp. 157, 161).
[24] K. T. Ramakrishna Reddy, P. A. Nwofe, and R. W. Miles. “Determination of the
minority carrier diﬀusion length of SnS using electro-optical measurements”. In:
Electronic Materials Letters 9 (2013), pp. 336–366 (cit. on pp. 157, 202, 203).
[25] E. R. Shaaban, M. S. Abd El-Sadek, M. El-Hagary, and I. S. Yahia. “Spectroscopic
ellipsometry investigations of the optical constants of nanocrystalline SnS thin ﬁlms”.
In: Physica Scripta 86 (2012), p. 015702 (cit. on pp. 157, 174, 176, 193, 194).
210
[26] V. Dhanasekaran, T. Mahalingam, J. K. Rhee, and J. P. Chu. “Bath Temperature
Eﬀects on the Microstructural and Morphological Properties of SnS Thin Films”. In:
Journal of Advanced Microscopy Research 6.2 (2011), pp. 126–130 (cit. on p. 157).
[27] B. G. Jeyaprakash, R. Ashok Kumar, K. Kesavan, and A. Amalarani. “STRUC-
TURAL AND OPTICAL CHARACTERISATION OF SPRAY DEPOSITED SnS
THIN FILM”. In: Journal of American Science 6 (2010), pp. 22–26 (cit. on pp. 157,
174, 177).
[28] Yanuar, G. Moussa, F. Guastavino, and C. LIinares. “Preparation and Characteri-
zation of SnS Thin Films Obtained by Close-Spaced Vapor Transport for Solar Cell
Application”. In: IEEE Proceedings (2000), pp. 66–68. doi: doi:10.1109/CMPLES.
2000.939863 (cit. on p. 157).
[29] S. A. Bashkirov, V. F. Gremenok, V. A. Ivanov, and V. V. Shevtsova. “Microstructure
and electrical properties of SnS thin ﬁlms”. In: Physics of the Solid State 54 (2012),
pp. 2497–2502 (cit. on pp. 157, 170).
[30] H. Zhu, D. Yang, Y. Ji, H. Zhang, and X. Shen. “Two-dimensional SnS nanosheets
fabricated by a novel hydrothermal method”. In: Journal of Materials Science 40
(2005), pp. 591–595 (cit. on p. 157).
[31] H. Zhu. “Elevated performances of SnS anodes with MWNTs as conductive agent
for rechargeable lithium-ion batteries”. In: Ionics 17 (2011), pp. 641–645 (cit. on
p. 157).
[32] H. Noguchi, A. Setiyadi, H. Tanamura, T. Nagatomo, and O. Omoto. “Characteriza-
tion of vacuum-evaporated tin sulﬁde ﬁlm for solar cell materials”. In: Solar Energy
Materials and Solar Cells 35 (1994), pp. 325–331 (cit. on pp. 157, 199).
[33] P. A. Nwofe, K. T. Ramakrishna Reddy, and R. W. Miles. “Type Conversion of
p-SnS to n-SnS Using a SnCl4/CH3OH Heat Treatment”. In: Proceedings of 39
IEEE Photoltaic Specialsts Conference. 2013 (cit. on pp. 160, 163, 167, 169, 178,
179).
[34] P. A. Nwofe, R. W. Miles, and K. T. Ramakrishna Reddy. “Eﬀects of sulphur and
air annealing on the properties of thermally evaporated SnS layers for application in
211
thin ﬁlm solar cell devices”. In: J. Renewable Sustainable Energy 5 (2013), p. 011204
(cit. on pp. 161, 182, 184, 186, 192, 195, 204, 205).
[35] A. Mendez-Vilas. Fuelling the Future: Advances in Science and Technologies for
Energy Generation, Transmission and Storage. Brown Walker Press (FL), 2012
(cit. on pp. 161, 167, 180, 190, 191).
[36] M. Devika, N. Koteeswara Reddy, K. Ramesh, R. Ganesan, K. R. Gunasekhar,
E. S. R. Gopal, and K. T. Ramakrishna Reddy. “Thickness Eﬀect on the Physical
Properties of Evaporated SnS Films”. In: Journal of The Electrochemical Society
154 (2007), H67–H73 (cit. on p. 161).
[37] M. Devika, N. Koteeswara Reddy, and K. R. Gunasekhar. “Structural, electrical,
and optical properties of as-grown and heat treated ultra-thin SnS ﬁlms”. In: Thin
Solid Films 520 (2011), pp. 628–632 (cit. on pp. 161, 184).
[38] M. Devika, N. K. Reddy, K. Ramesh, V. Ganesan, E. S. R. Gopal, and K. T.
Ramakrishna Reddy. “Inﬂuence of substrate temperature on surface structure and
electrical resistivity of the evaporated tin sulphide ﬁlms”. In: Applied Surface Science
253 (2006), pp. 1673–1676 (cit. on pp. 161, 162, 180).
[39] N. Koteeswara Reddy, Y. B. Hahn, M. Devika, H. R. Sumana, and K. R. Gunasekhar.
“Temperature-dependent structural and optical properties of SnS ﬁlms”. In: Journal
of Applied Physics 101 (2007), p. 093522 (cit. on pp. 161, 162, 170, 193).
[40] N. K. Reddy. “Growth-Temperature Dependent Physical Properties of SnS Nanocrys-
talline Thin Films”. In: ECS Journal of Solid State Science and Technology 2 (2013),
P259–P263 (cit. on p. 161).
[41] Powder Diffraction File: 00-014-0619 (1961). ICDD (cit. on pp. 161, 184).
[42] B. Ghosh, R. Bhattacharjee, P. Banerjee, and S. Das. “Structural and optoelectronic
properties of vacuum evaporated SnS thin ﬁlms annealed in argon ambient”. In:
Applied Surface Science 257 (2011), pp. 3670–3676 (cit. on pp. 161, 191).
[43] R.W. Miles, O.E. Ogah, G. Zoppi, and I. Forbes. “Thermally evaporated thin
ﬁlms of SnS for application in solar cell devices”. In: Thin Solid Films 517 (2009),
pp. 4702–4705 (cit. on p. 161).
212
[44] C. An, K. Tang, G. Shen, C. Wang, Q. Yang, B. Hai, and Y. Qian. “Growth of
belt-like SnS crystals from ethylenediamine solution”. In: Journal of Crystal Growth
244 (2002), pp. 333–338 (cit. on p. 162).
[45] S. Cheng and H. Zhang. “Inﬂuence of thickness on structural and optical properties
of evaporated tin sulphide ﬁlms”. In: Micro & Nano Letters, IET 6 (2011), pp. 473–
475 (cit. on p. 162).
[46] G. H. Yue, Y. D. Lin, X. Wen, L. S. Wang, Z. Y. Chen, and D. L. Peng. “Synthesis
and characterisation of the SnS nanowires via chemical vapour deposition”. In:
Applied Physics A 106 (2012), pp. 87–91 (cit. on p. 162).
[47] S. Sohila, M. Rajalakshmi, C. Gosh, A. K. Arora, and C. Muthamizhchelvan.
“Optical and Raman scattering on SnS nanoparticles”. In: Journal of Alloys and
Compounds 509 (2011), pp. 5843–5847 (cit. on pp. 162, 177).
[48] L. L. Cheng, M. H. Liu, M. X. Wang, S. C. Wang, G. D. Wang, Q. Y. Zhou, and
Z. Q. Chen. “Preparation of SnS ﬁlms using solid sources deposited by the PECVD
method with controllable ﬁlm characters”. In: Journal of Alloys and Compounds
545 (2012), pp. 122–129 (cit. on p. 162).
[49] J. Malaquias, P.A. Fernandes, P.M.P. Salomé, and A.F. da Cunha. “Assessment
of the potential of tin sulphide thin ﬁlms prepared by sulphurization of metallic
precursors as cell absorbers”. In: Thin Solid Films 519 (2011), pp. 7416–7420 (cit. on
pp. 162, 193).
[50] L. I. Maissel and R. Glang. Handbook of Thin Film Technology. McGraw-Hill, New
York, 1970 (cit. on pp. 162, 174, 176, 189).
[51] E. F. Kaelble. Handbook of X-rays. McGraw-Hill, New York, 1967 (cit. on p. 162).
[52] B. E. Warren. X-ray Diffraction. Dover Publications, Inc., New York, 1969 (cit. on
p. 162).
[53] A. L. Fahrenbruch and R. H. Bube. Fundamentals of Solar Cells: Photovoltaic Solar
Energy Conversion. Academic Press, New York, 1983 (cit. on p. 162).
213
[54] G. H. Yue, D. L. Peng, P. X. Yan, L. S. Wang, W. Wang, and X. H. Luo. “Structure
and optical properties of SnS thin ﬁlm prepared by pulse electrodeposition”. In:
Journal of Alloys and Compounds 468 (2009), pp. 254–257 (cit. on p. 162).
[55] M. Botero, C. Cifuentes, E. Romero, J. Clavijo, and G. Gordillo. “Properties of
SnS thin ﬁlms grown by a two-step process”. In: Photovoltaic Energy Conversion,
Conference Record of the 2006 IEEE 4th World Conference on. Vol. 1. 2006, pp. 79–
82. doi: doi:10.1109/WCPEC.2006.279351 (cit. on p. 162).
[56] H. B. M. Anaya, I. Z. Torres, and N. R. Mathews. “Pulse electrodeposited tin sulﬁde
ﬁlms for photovoltaic applications”. In: Proc. of SPIE. Vol. 7409. 2009, pp. 740914–1
(cit. on p. 162).
[57] V. Malathy, S. Sivaranjani, V. S. Vidhya, J. J. Prince, T. Balasubramanian, C.
Sanjeeviraja, and M. Jayachandran. “Amorphous to crystalline transition and
optoelectronic properties of nanocrystalline induim tin oxide (ITO) ﬁlms sputtered
with rf power at room temperature”. In: Journal of Non-Crystalline Solids 355
(2009), pp. 1508–1516 (cit. on p. 167).
[58] M. Reghima, A. Akkari, C. Guasch, and N. Kamoun-Turki. “Eﬀect of indium
doping on physical properties of nanocrystallized SnS zinc blend thin ﬁlms grown
by chemical bath deposition”. In: Journal of Renewable and Sustainable Energy 4
(2012), p. 011602 (cit. on pp. 167, 176).
[59] F. K. Lotgering. “Topotactical reactions with ferrimagnetic oxides having hexagonal
crystal structures—I”. In: Journal of Inorganic and Nuclear Chemistry 9 (1959),
pp. 113–123 (cit. on p. 167).
[60] H. R. Moutinho, F. S. Hasoon, F. Abulfotuh, and L. L. Kazmerski. “Investigation of
polycrystalline CdTe thin ﬁlms deposited by physical vapor deposition, close-spaced
sublimation, and sputtering”. In: Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 13 (1995), pp. 2877–2883 (cit. on pp. 167, 169, 170).
[61] H. R. Moutinho, M. M. Al-Jassim, D. H. Levi, P. C. Dippo, and L. L. Kazmerski.
“Eﬀects of CdCl treatment on the recrystallization and electro-optical properties
214
of CdTe thin ﬁlms”. In: Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films 16 (1998), pp. 1251–1257 (cit. on pp. 167, 169).
[62] C. S. Barrett and T. B. Massalski. Structure of Metals. 3rd Edition. Pergamon
Press, Oxford, 1980 (cit. on p. 167).
[63] K. H. Kim and J. S. Chun. “X-ray studies of SnO2 prepared by chemical vapour
deposition”. In: Thin Solid Films 141 (1986), pp. 287–295 (cit. on pp. 167, 169–171).
[64] G. B. Harris. “X. Quantitative measurement of preferred orientation in rolled
uranium bars”. In: Philosophical Magazine 43 (1952), pp. 113–123 (cit. on p. 167).
[65] G. Zoppi, K. Durose, S. J. C. Irvine, and V. Barrioz. “Grain and crystal tex-
ture properties of absorber layers in MOCVD-grown CdTe/CdS solar cells”. In:
Semiconductor Science and Technology 21 (2006), pp. 763–770 (cit. on p. 169).
[66] E. P. Zaretskaya, V. F. Gremenok, V. A. Ivanov, S. A. Bashkirov, V. B. Zalesski,
and B. I. Kovalevski. “Physical Properties of Polycrystalline SnS Thin Films for
Solar Cells”. In: EU-PVSEC Proceedings. 2009, pp. 262–265. doi: doi:10.4229/
24thEUPVSEC2009-1CV.3.10 (cit. on p. 170).
[67] K. T. Ramakrishna Reddy and P. Purandhra Reddy. “Structural studies on SnS
ﬁlms grown by a two-stage process”. In: Materials Letters 56 (2002), pp. 108–111
(cit. on p. 170).
[68] A. Tanuševski and D. Poelman. “Optical and photoconductive properties of SnS
thin ﬁlms prepared by electron beam evaporation”. In: Solar Energy Materials and
Solar Cells 80 (2003), pp. 297–303 (cit. on p. 171).
[69] N. R. Mathews, C. Colın Garcıa, and I. Z. Torres. “Eﬀect of annealing on structural,
optical and electrical properties of pulse electrodeposited tin sulﬁde ﬁlms”. In:
Materials Science in Semiconductor Processing 16 (2013), pp. 29–37 (cit. on p. 171).
[70] M. A. Contreras, K. M. Jones, L. Gedvilas, and R. Matson. Preferred Orientation in
Polycrystalline Cu(In, Ga)Se2 and Its Effect on Absorber Thin-Films and Devices.
National Renewable Energy Laboratory, 2000 (cit. on p. 171).
215
[71] N. Revathi, P. Prathap, and K. T. Ramakrishna Reddy. “Thickness dependent
physical properties of close space evaporated In2S3 ﬁlms”. In: Solid State Sciences
11 (2009), pp. 1288–1296 (cit. on p. 174).
[72] B. Ghosh, M. Das, P. Banerjee, and S. Das. “Fabrication of SnS thin ﬁlms by the
successive ionic layer adsorption and reaction (SILAR) method”. In: Semiconductor
Science and Technology 23 (2008), p. 125013 (cit. on p. 174).
[73] R. Mariappan, T. Mahalingam, and V. Ponnuswamy. “Preparation and characteri-
zation of electrodeposited SnS thin ﬁlms”. In: Optik-International Journal for Light
and Electron Optics 122 (2011), pp. 2216–2219 (cit. on pp. 174, 176).
[74] R. Mariappan, M. Ragavendar, and V. Ponnuswamy. “Structural and optical char-
acterization of SnS thin ﬁlms by electrodeposition technique”. In: Optica Applicata
41 (2011), pp. 989–997 (cit. on p. 174).
[75] G. K. Williamson and R. E. Smallman. “III. Dislocation densities in some annealed
and cold-worked metals from measurements on the X-ray debye-scherrer spectrum”.
In: Philosophical Magazine 1 (1956), pp. 34–46 (cit. on p. 176).
[76] C. K. De and N. K. Misra. “X-ray diﬀraction analysis of lattice defects of ZnSe thin
ﬁlms deposited at diﬀerent substrate temperatures”. In: Indian Journal of Physics.
Vol. 71. 1997, pp. 530–535 (cit. on p. 176).
[77] N. J. Suthan Kissinger, M. Jayachandran, K. Perumal, and C. Sanjeevi Raja.
“Structural and optical properties of electron beam evaporated CdSe thin ﬁlms”. In:
Bulletin of Materials Science 30 (2007), pp. 547–551 (cit. on p. 176).
[78] H. Metin and R. Esen. “Annealing studies on CBD grown CdS thin ﬁlms”. In:
Journal of Crystal Growth 258 (2003), pp. 141–148 (cit. on p. 177).
[79] C. Cifuentes, M. Botero, E. Romero, C. Caldern, and G. Gordillo. “Optical and
structural studies on SnS ﬁlms grown by co-evaporation”. In: Brazilian Journal of
Physics 36 (2006), pp. 1046–1049 (cit. on pp. 177, 193, 194).
[80] A. Akkari, C. Guasch, M. Castagne, and N. Kamoun-Turki. “Optical study of zinc
blend SnS and cubic In2S3: Al thin ﬁlms prepared by chemical bath deposition”. In:
Journal of Materials Science 46 (2011), pp. 6285–6292 (cit. on pp. 177, 194).
216
[81] A. Tanuševski. “Optical and photoelectric properties of SnS thin ﬁlms prepared by
chemical bath deposition”. In: Semiconductor Science and Technology 18 (2003),
pp. 501–505 (cit. on pp. 177, 191).
[82] S. Sohila, M. Rajalakshmi, C. Muthamizhchelvan, S. Kalavathi, C. Ghosh, R.
Divakar, C. N. Venkiteswaran, N. G. Muralidharan, A. K. Arora, and E. Mohandas.
“Synthesis and characterization of SnS nanosheets through simple chemical route”.
In: Materials Letters 65 (2011), pp. 1148–1150 (cit. on p. 177).
[83] Y. Azizian-Kalandaragh, A. Khodayari, Z. Zeng, C. S. Garoufalis, S. Baskoutas, and
L. C. Gontard. “Strong quantum conﬁnement eﬀects in SnS nanocrystals produced
by ultrasound-assisted method”. In: Journal of Nanoparticle Research 15 (2013),
pp. 1–9 (cit. on p. 177).
[84] M. Calixto-Rodriguez, H. Martinez, A. Sanchez-Juarez, J. Campos-Alvarez, A.
Tiburcio-Silver, and M. E. Calixto. “Structural, optical, and electrical properties of
tin sulﬁde thin ﬁlms grown by spray pyrolysis”. In: Thin Solid Films 517 (2009),
pp. 2497–2499 (cit. on p. 177).
[85] T.H. Sajeesh, A.R. Warrier, C.S. Kartha, and K.P. Vijayakumar. “Optimization of
parameters of chemical spray pyrolysis technique to get n and p-type layers of SnS”.
In: Thin Solid Films 518 (2010), pp. 4370–4374 (cit. on p. 179).
[86] N. Koteeswara Reddy and K.T. Ramakrishna Reddy. “SnS ﬁlms for photovoltaic ap-
plications: Physical investigations on sprayed SnxSy ﬁlms”. In: Physica B: Condensed
Matter 368 (2005), pp. 25–31 (cit. on p. 179).
[87] P. A. Nwofe, K. T. Ramakrishna Reddy, J. K. Tan, I. Forbes, and R. W. Miles.
“Thickness dependent optical properties of thermally evaporated SnS thin ﬁlms”.
In: Physics Procedia 25 (2012), pp. 150–157 (cit. on p. 179).
[88] Powder Diffraction File: 01-083-1706 (1978). ICDD (cit. on p. 184).
[89] O. E. Ogah, K. R. Reddy, G. Zoppi, I. Forbes, and R. W. Miles. “Annealing studies
and electrical properties of SnS-based solar cells”. In: Thin Solid Films 519 (2011),
pp. 7425–7428 (cit. on p. 188).
217
[90] N. K. Reddy, M. Devika, Y. Hahn, and K. R. Gunasekhar. “Impact of chemical
treatment on the surface, structure, optical and electrical properties of SnS thin
ﬁlms”. In: Applied Surface Science 268 (2013), pp. 317–322 (cit. on pp. 188, 191).
[91] Z. Qiao, R. Latz, and D. Mergel. “Thickness dependence of In2O3:Sn ﬁlm growth”.
In: Thin Solid Films 466 (2004), pp. 250–258 (cit. on p. 189).
[92] B. Ghosh, R. Roy, S. Chowdhury, P. Banerjee, and S. Das. “Synthesis of SnS thin
ﬁlms via galvanostatic electrodeposition and fabrication of CdS/SnS heterostructure
for photovoltaic applications”. In: Applied Surface Science 256 (2010), pp. 4328–4333
(cit. on p. 193).
[93] J. C. Manifacier, M. De Murcia, J. P. Fillard, and E. Vicario. “Optical and electrical
properties of SnO2 thin ﬁlms in relation to their stoichiometric deviation and their
crystalline structure”. In: Thin Solid Films 41 (1977), pp. 127–135 (cit. on p. 193).
[94] A. P. Lambros, D. Geraleas, and N. A. Economou. “Optical absorption edge in
SnS”. In: Journal of Physics and Chemistry of Solids 35 (1974), pp. 537–541 (cit. on
p. 193).
[95] M. S. Selim, M. E. Gouda, M. G. El-Shaarawy, A. M. Salem, and W. A. Abd El-
Ghany. “Eﬀect of thickness on optical properties of thermally evaporated SnS ﬁlms”.
In: Thin Solid Films 527 (2012), 164–169 (cit. on pp. 193, 194).
[96] M. Patel, I. Mukhopadhyay, and A. Ray. “Annealing inﬂuence over structural
and optical properties of sprayed SnS thin ﬁlms”. In: Optical Materials 35 (2013),
pp. 1693–1699 (cit. on pp. 193, 194).
[97] M. M. El-Nahass, H. M. Zeyada, M. S. Aziz, and N. A. El-Ghamaz. “Optical
properties of thermally evaporated SnS thin ﬁlms”. In: Optical Materials 20 (2002),
pp. 159–170 (cit. on p. 193).
[98] R. Swanepoel. “Determination of the thickness and optical constants of amorphous
silicon”. In: Journal of Physics E: Scientific Instruments 16 (1983), pp. 1214–1222
(cit. on p. 193).
218
[99] B. Subramanian, C. Sanjeeviraja, and M. Jayachandran. “Cathodic electrodeposition
and analysis of SnS ﬁlms for photoelectrochemical cells”. In: Materials Chemistry
and Physics 71 (2001), pp. 40–46 (cit. on p. 194).
[100] B. L. Sharma and R. K. Purohit. Semiconductor Heterojunctions. Pergamon Press,
Oxford, 1974 (cit. on pp. 197, 199).
[101] U. Rau and H. W. Schock. “Electronic properties of Cu(In,Ga)Se2 heterojunction
solar cells–recent achievements, current understanding, and future challenges”. In:
Appl. Phys. A 69 (1999), pp. 131–147 (cit. on p. 197).
[102] M. Ristov, G. Sinadinovski, M. Mitreski, and M. Ristova. “Photovoltaic cells based
on chemically deposited p-type SnS”. In: Solar Energy Materials and Solar Cells 69
(2001), pp. 17–24 (cit. on p. 199).
[103] M. Gunasekaran and M. Ichimura. “Photovoltaic cells based on pulsed electrochemi-
cally deposited SnS and photochemically deposited CdS and Cd1−xZnxS”. In: Solar
Energy Materials and Solar Cells 91 (2007), pp. 774–778 (cit. on p. 199).
[104] J. J. M. Vequizo and M. Ichimura. “Fabrication of electrodeposited SnS/SnO2
heterojunction solar cells”. In: Japanese Journal of Applied Physics 51 (2012),
10NC38 (cit. on p. 199).
[105] P. Sinsermsuksakul, K. Hartman, S. D. Kim, J. Heo, L. Sun, H. H. Park, R.
Chakraborty, T. Buonassisi, and R. G. Gordon. “Enhancing the eﬃciency of SnS
solar cells via band-oﬀset engineering with a zinc oxysuﬁde buﬀer layer”. In: Applied
Physics Letters 102 (2013), p. 053901 (cit. on pp. 200, 203).
[106] W. Guo, Y. Shen, M. Wu, and T. Ma. “Highly eﬃcient inorganic-organic hetero-
junction solar cells based on SnS-senitized spherical TiO2 electrodes”. In: Chemical
Communications 48 (2012), pp. 6133–6135 (cit. on p. 200).
[107] A. Schneikart, H. J. Schimper, A. Klein, and W. Jaegermann. “Eﬃciency limitations
of thermally evaporated thin-ﬁlm SnS solar cells”. In: Journal of Physics D: Applied
Physics 46 (2013), p. 305109 (cit. on p. 200).
219
[108] G. Yue, Y. Lin, X. Wen, L. Wang, and D. Peng. “SnS homojunction nanowire-based
solar cells”. In: Journal of Materials Chemistry 22 (2012), pp. 16437–16441 (cit. on
p. 200).
[109] T. Ikuno, R. Suzuki, K. Kitazumi, N. Takahashi, N. Kato, and K. Higuchi. “SnS
thin ﬁlm solar cells with Zn1−xMgxO buﬀer layers”. In: Applied Physics Letters 102
(2013), p. 193901 (cit. on p. 200).
[110] C. L. Chiang, R. Schwarz, D. E. Slobodin, J. Kolodzey, and S. Wagner. “Measurement
of the minority-carrier diﬀusion length in thin semiconductor ﬁlms”. In: Electron
Devices, IEEE Transactions on 33 (1986), pp. 1587–1592 (cit. on pp. 200, 202).
[111] U. Stutenbaeumer and E. Lewetegn. “Comparison of minority carrier diﬀusion
length measurements in silicon solar cells by the photo-induced open-circuit voltage
decay (OCVD) with diﬀerent excitation sources”. In: Renewable Energy 20 (2000),
pp. 65–74 (cit. on p. 201).
[112] G. Brown, V. Faifer, A. Pudov, S. Anikeev, E. Bykov, M. Contreras, and J. Wu.
“Determination of the minority carrier diﬀusion length in compositionally graded
Cu (In, Ga) Se solar cells using electron beam induced current”. In: Applied Physics
Letters 96 (2010), p. 022104 (cit. on p. 201).
[113] P. K. Basu, S. N. Singh, N. K. Arora, and B. C. Chakravarty. “A new method of
determination of minority carrier diﬀusion length in the base region of silicon solar
cells”. In: Electron Devices, IEEE Transactions on 41 (1994), pp. 367–372 (cit. on
p. 201).
[114] O. Vigil-Galán, A. Arias-Carbajal, R. Mendoza-Pérez, G. Santana, J. Sastré-
Hernández, G. Contreras-Puente, A. Morales-Acevedo, and M. Tuﬁño-Velázquez.
“Spectral response of CdS/CdTe solar cells obtained with diﬀerent S/Cd ratios for
the CdS chemical bath”. In: Solar Energy Materials and Solar Cells 90 (2006),
pp. 2221–2227 (cit. on pp. 201–203).
[115] K. T. Ramakrishna Reddy, N. Koteswara Reddy, and R. W. Miles. “Photovoltaic
properties of SnS based solar cells”. In: Solar Energy Materials and Solar Cells 90
(2006), pp. 3041–3046 (cit. on pp. 201, 203).
220
[116] B. Ghosh, M. Das, P. Banerjee, and S. Das. “Fabrication of vacuum-evaporated
SnS/CdS heterojunction for PV applications”. In: Solar Energy Materials and Solar
Cells 92 (2008), pp. 1099–1104 (cit. on p. 201).
[117] A. S. Grove. Physics and technology of semiconductor devices. Wiley, New York,
1967 (cit. on p. 204).
[118] G. Martin, A. Botchkarev, A. Rockett, and H. Morkoc. “Valence-band discontinuities
of wurtzite GaN, AlN, and InN heterojunctions measured by x-ray photoemission
spectroscopy”. In: Applied Physics Letters 68 (1996), pp. 2541–2543 (cit. on p. 205).
[119] J. J. Chen, B. P. Gila, M. Hlad, A. Gerger, F. Ren, C. R. Abernathy, and S. J.
Pearton. “Determination of MgO/ GaN heterojunction band oﬀsets by x-ray pho-
toelectron spectroscopy”. In: Applied Physics Letters 88 (2006), p. 042113 (cit. on
p. 205).
[120] J. Li, Q. Du, G. Jiang, X. Feng, W. Zhang, J. Zhu, and C. Zhu. “The Band Oﬀset
at CdS/Cu2ZnSnS4 Heterojunction Interface”. In: Electronic Materials Letters 8
(2012), pp. 365–367 (cit. on p. 206).
[121] A. M. Abdel Haleem and M. Ichimura. “Experimental determination of band oﬀsets
at the SnS/CdS and SnS/InSxOy heterojunctions”. In: Journal of Applied Physics
107 (2010), p. 034507 (cit. on pp. 206, 207).
[122] M. Sugiyama, K. T. R. Reddy, N. Revathi, Y. Shimamoto, and Y. Murata. “Band
oﬀset of SnS solar cell structure measured by X-ray photoelectron spectroscopy”.
In: Thin Solid Films 519 (2011), pp. 7429–7431 (cit. on p. 207).
[123] M. Sugiyama, Y. Murata, T. Shimizu, K. Ramya, C. Venkataiah, T. Sato, and K. T.
Ramakrishna Reddy. “Sulfurization Growth of SnS Thin Films and Experimental
Determination of Valence Band Discontinuity for SnS-Related Solar Cells”. In:
Japanese Journal of Applied Physics 50 (2011), 05FH03 (cit. on p. 207).
221
Chapter 6
Conclusions
The aims and objectives of this work were to deposit thin ﬁlms of SnS using the thermal
evaporation technique, characterise accordingly and develop SnS-based solar cells using
toxic-free and more environmentally acceptable buﬀer layer materials. The work presented
clearly indicate that:
• It is possible to produce thin ﬁlms of tin sulphide using the thermal evaporation
method and that this method yields high quality layers of SnS that are free from
pin-holes and cracks, are made of densely packed grains and adhere strongly to the
substrates used. The properties of the ﬁlms were observed to vary with the deposition
conditions [1–6].
• The ﬁlms are mostly bluish-black when grown using substrate temperatures ≥ 300 ◦C
and ﬁlm thicknesses > 40 nm, and brownish-black colour when grown using substrate
temperature < 300 ◦C and for thicknesses 40 nm. The ﬁlms are stoichiometric for a
wide range of deposition conditions with a slight deviation for substrate temperatures
≥ 350 ◦C. This is attributed to the diﬀerence in vapour pressure of the Sn and S
atoms.
• X-ray diﬀractrometry and Raman studies conﬁrm that single phase SnS can be
produced over a wide range of deposition conditions. XRD studies also conﬁrms that
the layers have the orthorhombic crystal structure (Powder Diﬀraction File:00-039-
0354) [7]. The ﬁlms are of very high crystallinity with the (111)/(040) appearing as
the most prominent peak. The former is more associated to lower deposition factors
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(substrate temperature or ﬁlm thicknesses) while the latter is common at higher
substrate temperatures or ﬁlm thicknesses.
• Information extracted from the XRD data can be used to deduce other important
structural parameters such as the crystallite size (C), number of crystallites (Nc),
texture coeﬃcient TC (hkl), degree of preferred orientation σ, strain ε, angular broad-
ening and the dislocation density δ. The variation of each of these parameter with
the deposition condition was critically investigated and the results are in line with
the literature.
• The layers all show p-conductivity type which is a desirable electrical property for
making solar cells.
• Results from optical data give the energy bandgap in the range 1.30 eV to 1.35 eV
and conﬁrmed it to be direct with the optical absorption coeﬃcient α > 105cm−1 for
photons with energies greater than the energy bandgap. The near optimum energy
bandgap and high optical absorption coeﬃcient conﬁrm that only a few microns of
SnS (like CdTe and CIGS) are needed to absorb most of the incident solar radiation.
• Post deposition heat treatments of the layers done in the environments: air, elemental
sulphur, 5% hydrogen sulphide in argon (H2S/Ar), and air annealing after a dip in a
saturated solution of tin (iv) chloride in methanol (SnCl4/CH3OH) result in a further
improvement in the crystallinity of the layers especially in the (H2S/Ar) ambient.
However although air annealing can lead to further loss of stoichiometry, annealing in
sulphur acts to restore the stoichiometry. A reduction in the resistivity of the ﬁlms is
observed for the layers dipped in (SnCl4/CH3OH) and then annealed in air. Some
signiﬁcant ﬁndings are reported in [8–11].
• The minority carrier diﬀusion length in p-type SnS is 0.23 µm.
• Devices made with CdS-based buﬀer layers exhibit low photovoltaic parameters due
to the high density of interface states present at the CdS/SnS interface (3.06 ×
1011FC−1cm−2) indicating that CdS is not a good partner material to SnS. Also
XPS studies done on the CdS/SnS heterojunction gives a band-oﬀset of −0.36 eV,
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indicating the possibility of an increased recombination of the majority carriers at
the interface.
• Amongst the diﬀerent buﬀer layers used, ZnIn2Se4 deposited by a novel chemical
bath deposition (CBD) process proves to be most successful buﬀer material when
used in substrate conﬁguration devices with rf sputtered Mo as the back contact
material. Devices with eﬃciencies up to 2.9% have been produced, a world record
eﬃciency for SnS-based solar cells till date.
6.1 Future Work
From the foregoing, the properties determined for the SnS and the achievement of an
eﬃciency of 2.9% for SnS/ZnIn2Se4 cells demonstrate the high promise of SnS for making
highly eﬃcient, low-cost and more environmentally acceptable PV solar cells. Research of
SnS-based solar cells is still at infancy stage hence the eﬃciency of SnS-based devices can
be enhanced by:
• Improving the bulk minority carrier diﬀusion length through improved passivation of
the grain boundaries in the SnS.
• Use of an antireﬂection coating to help minimise reﬂection losses in the device
structure.
• Passivation of the surfaces of the SnS by developing suitable improved surface etching
methods will act to reduce the interface and surface recombination eﬀects.
• Improved doping of the layers and by developing a more suitable low resistance
contact to the SnS will minimise series resistance losses.
• Reducing shunting at the periphery of the layers will also improve device performance
substantially.
• Use of a more suitable buﬀer layer and/or variation of the constituent element of the
current buﬀer layer used in this work.
Taking the aformentioned points into consideration will possibly lead to producing small
area devices with eﬃciencies > 10%, and to subsequently:
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• Fabricate mini-modules with eﬃciencies > 10% after which,
• An extensive stability testing of the mini-modules should be carried out.
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Appendix A
Original Contributions to Knowledge
• Determination of the minority carrier diﬀusion length of electrons in the SnS absorber
layer using electro-optical measurements.
• Post deposition heat treatments in the environments: elemental sulphur, 5% hydrogen
sulphide in argon (H2S/Ar), and air annealing after a dip in a saturated solution of
tin (iv) chloride in methanol (SnCl4/CH3OH).
• Type conversion of p-SnS to n-SnS using a SnCl4/CH3OH heat treatment.
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Glossary of Symbols
Symbol Meaning Unit
α Optical absorption coeﬃcient cm−1
AM Air Mass –
λ Wavelength µm or Å
CB Conduction band –
VB Valence band –
Eg Energy bandgap electron volt (eV)
k
¯
Crystal momentum –
EF Fermi energy level eV
Vbi Built-in potential V
Ei Intrinsic Fermi energy level eV
q Electronic charge coulombs (C)
k Boltzmann constant JK−1
ni Intrinsic carrier density cm−3
NA Acceptor concentration cm−3
ND Donor concentration cm−3
NB NA or ND cm−3
EV Energy at the valence band eV
EC Energy at the conduction band eV
ǫs Semiconductor permittivity Fcm−1
w Depletion region width µm
VR Reverse-biased voltage V
VF Forward-biased voltage V
εs Static dielectric constant (εs = ǫs/εo) –
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εo Permittivity of free space Fcm−1
C Capacitance F
C Capacitance per unit area Fcm−2
pno Equilibrium hole density in n-side cm−3
ppo Equilibrium hole density in p-side cm−3
npo Equilibrium electron density in p-side cm−3
nno Equilibrium electron density in n-side cm−3
Lp Minority carrier diﬀusion length of holes µm
Ln Minority carrier diﬀusion length of electrons µm
Dn Diﬀusion constant for electrons cm2s−1
Dp Diﬀusion constant for holes cm2s−1
Gn Carrier generation rate (electrons) cm−3s−1
Gp Carrier generation rate (holes) cm−3s−1
µn Electron mobility cm2V−1s−1
µp Hole mobility cm2V−1s−1
kT Thermal energy eV
Js or Jo Saturation current density Acm−2
τr Recombination lifetime s
τn Electron minority carrier lifetime s
τp Hole minority carrier lifetime s
A Ideality factor –
τg Generation lifetime s
χ Electron aﬃnity eV
φ Work function eV
Joo Pre-exponential factor of Js or Jo Acm−2
mn∗ Electron eﬀective mass kg
Φ or Ea Activation energy eV
(φB)n Barrier height, n-type side V
(φB)p Barrier height, p-type side V
Voc Open circuit voltage V
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Isc Short circuit current A
FF Fill factor %
IL Light generated current A
Vmp Voltage at maximum power point V
Imp Current at maximum power point A
Pmax Maximum power extracted from the solar cell W
Pin Incident illumination per unit area Wcm−2
η Solar conversion eﬃciency or quantum eﬃciency %
Rs Series resistance Ω
Rsh Shunt resistance Ω
Nph Incident photon ﬂux Wcm−2
c Speed of light in vacuum ms−1
EQE External quantum eﬃciency %
IQE Internal quantum eﬃciency %
ρs Sheet resistivity Ω−1
ρb Bulk resistivity Ωcm
CBM Conduction band minimum –
VBM Valence band maximum –
UNSW University of New South Wales –
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Index
activation energy, 45, 197
bandgap tailing, 191
buﬀer layer, 200
capacitance, 24, 203
characterisation techniques, 87, 131
conduction band oﬀset, 205
critical wavelength, 194
dark current, 196
depletion region, 18, 22, 204
deposition plant
oil diﬀusion pump, 119
penning gauge, 124
pirani gauge, 124
rotary vane pump, 119
deposition techniques
chemical deposition, 68
electro-deposition, 84, 85
physical vapour deposition, 68
device fabrication, 130
eﬃciency, 51, 85, 86, 199, 224
electron-hole pair, 14, 16, 33, 53
energy bandgap, 14, 191
direct, 14, 191
indirect, 14
ﬁll factor, 51, 85, 199
ﬁlm thickness, 56, 79, 87, 125, 161, 177
forward bias, 22, 196
generation, 15
heterojunction, 36
absorber layer, 55
window layer, 56
heterojunction window eﬀect, 201
ideality factor, 30, 197, 199
illuminated current, 199
interference fringes, 177, 191
losses, 53
ohmic contact, 45
open circuit voltage, 50, 86, 199
optical absorption, 14
extrinsic, 14
intrinsic, 14
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optical constants
extinction coeﬃcient, 65, 191
optical absorption coeﬃcient, 65, 177,
191
refractive index, 65
p-n junction
abrupt junction, 21
electrostatic potential, 17
fermi level, 17
photocurrent, 48
photovoltaic eﬀect, 1
post-deposition, 126, 184
quantum eﬃciency, 52, 201
raman peaks, 162
recombination, 15
non-radiative, 15
radiative, 15
reverse bias, 22, 197
saturation current density, 197
series resistance, 54, 200
short circuit current, 50, 86
short circuit current density, 199
shunt resistance, 54, 200
SnS
hall mobility, 71
herzenbergite, 63
hole concentration, 64
hole mobility, 65
melting point, 64
orthorhombic, 85, 157, 184
p-type conductivity, 64, 79, 180
resistivity, 71, 75, 180, 194
single crystal, 63
polycrystalline, 67
single phase, 157, 179
thermal evaporation, 69
SnS-based heterojunction
interface trap density, 204
minority carrier diﬀusion length, 200
solar cells
III-V solar cells, 3
steady state continuity equation, 28
stoichiometry, 157, 188, 191
structural properties
angular broadening, 176
crystallite size, 188
degree of preferred orientation, 171
dislocation density, 176, 204
grain size, 162
number of crystallites, 167
strain, 171, 191
texture coeﬃcient, 171
substrate temperature, 70, 74, 154, 157,
161, 177
sun, 11
air mass, 12
solar radiation, 11
attenuation, 11
thermal evaporation, 70, 72, 154, 222
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thin ﬁlm solar cells, 4
substrate, 57
superstrate, 57
tunnelling, 33, 45, 199
tunnelling-recombination, 44, 197
uniform doping, 204
Urbach tails, 191
valence band oﬀset, 205
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